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Editorial on the Research Topic 
Advances in modeling, assessment, and prevention of geotechnical and geological disasters


INTRODUCTION
The global climate change, rapid expansion of human activities, and continuous increase of engineering operations are creating a strong impact on the geological environment. A wide variety of geotechnical and geological disasters have occurred worldwide, including slope instability, tunnel damage, and deep excavation collapse, as well as natural geological disasters such as rock collapse, landslide, and debris flow. These hazards seriously affect economic development and human safety. Research on the modeling, assessment, and prevention techniques of the geotechnical and geological disasters is a key and difficult problem to be solved in the field of disaster control.
Considering the characteristics of geotechnical and geological disasters, a large number of new numerical methods, such as DEM (Discrete Element Method), DDA (Discontinuous Deformation Analysis), NMM (Numerical Manifold Method), SPH (Smoothed Particle Hydrodynamics), MPM (Material Point Method), and PD (PeriDynamics), have emerged after the classical FEM (Finite Element Method) and FVM (Finite Volume Method) in terms of modeling techniques. Different assessment methods for a single geotechnical project, linear geotechnical engineering, and territorial natural disasters have been proposed in terms of assessment techniques. In addition to active and passive engineering reinforcement measures, advanced monitoring technologies including InSAR (Interferometric Synthetic Aperture Radar), Beidou, UAV (Unmanned Aerial Vehicle), Fiber Optics, and MEMS (Micro-Electro-Mechanical System) have been utilized in terms of prevention techniques. Significant progress has been made by researchers in the field of modeling, assessment, and prevention techniques.
PROGRESS IN THE RESEARCH TOPIC
To attract scholars’ attention to geotechnical and geological disasters, the current Research Topic, named “advances in modeling, assessment, and prevention of geological and geological disasters”, was organized. The current Research Topic has been devoted to compiling the most recent and pertinent experience in the various domains of geotechnical and geological disasters.
Scholars from more than 80 institutions in four countries have published 43 papers. According to the keywords in those representative published papers, it is possible to roughly categorize the basic field of interest into four parts.
Mechanical properties and constitutive models of special geological materials
Zhou et al. established a granular thermodynamic model to describe the temperature/mechanical characteristics of sandy soil.
Ouyang et al. studied the influence of microbial content on engineering characteristics of expansive soil, which improved the microbially induced calcium carbonate method.
Jian et al. investigated the evolution of the compressibility of intact loess at different wetting stages by oedometer tests and characterized the microstructure and pore size distribution by SEM and MIP methods.
Liu et al. analyzed the energy evolution law in the rock failure process according to the relationship between mechanical parameters, AE parameters, and energy dissipation rate in the rock failure process.
Liu et al. studied the shear behavior of double rough parallel joints under constant normal stiffness boundary condition.
Applications of numerical simulation methods in geotechnical and geological disasters
Yu et al. presented the mixed integration scheme for embedded discontinuous interfaces by extended FEM, which solved two major challenges in employing the extended FEM in engineering applications.
Cheng et al. proposed a general block stability analysis algorithm based on the traditional block theory analysis framework, and a case studied proved that the key blocks of arbitrary shapes at any position can be find without the additional cost of interpreting graphs of block theory.
Zheng et al. studied the mechanism of flexural toppling failure in tock slopes using DEM, and introduced two new parameters to present a further understanding of flexural toppling.
Zheng et al. proposed a stochastic rockfall model related to random ground roughness based on 3-D DDA and examined the role of sphericity of the rock block travelling on bench slopes with different ground roughness levels.
Li et al. proposed the MLS-Based NMM to model cracked rock considering the contact of the crack surface.
Mechanism of geotechnical and geological disasters subjected to the environment factors and engineering load factors
Leng et al. explored the roles of rainfall and traffic load in fissure propagation and deformation development process of the loess slope.
Li et al. analyzed failure behavior based on the ring shear test in a bedding rock landslide of the Three Gorges reservoir.
Guo et al. studied the dynamic response laws of rock slopes with inverse non-persistent joints by the combination of different dip angles and spacing of joint and length of rock bridge under earthquake.
Lu et al. analyzed the dynamic response of twin circular unlined tunnels subjected to blasting P waves by indirect boundary integral equation method.
Qingke et al. studied the disturbance effect of shield tunneling on gravel layer and proposed a theoretical model to simulate the ground surface settlement above a double-track tunnel.
Yan et al. investigated the surface settlement and deformation laws of large-span shallow buried underground excavated stations.
Chen et al. summarized the mechanisms of both river blockage induced by debris flows and debris-flow dam failure.
Applications and developments of advanced assessment and prevention techniques in geotechnical or geological disasters
Chen et al. presented an approach for early warning of landslides based on the deep displacement theory.
Li et al. predicted uncertainties of collapse susceptibility based on remote sensing and GIS and discussed effectiveness of different machine learning models.
Tang et al. assessed debris flow risk at a catchment scale for an economic decision based on the LiDAR DEM and numerical simulation.
Shahani et al. developed an XGBoost regression model for predicting Young’s modulus of intact sedimentary rocks for the stability of surface and subsurface structures.
Zhu et al. proposed a prediction method of coal burst based on analytic hierarchy process and fuzzy comprehensive evaluation.
Yu et al. proposed a multivariate early warning method for rockburst monitoring based on the comprehensive analysis of source parameters in the deep tunnel.
Huang et al. presented the multi-step combined control technology for karst and fissure water inrush disaster during shield tunneling in spring areas.
Liu et al. studied the mechanism of deep roadways in faulted zones and proposed a control technique named stages and combination control method.
DEVELOPMENT TREND
According to the major scientific and technological problems in the field of geotechnical and geological disasters, interdisciplinary integration is very urgent, as it could strengthen the interdisciplinary integration of geotechnical mechanics, structural geology, engineering geology and hydrogeology, seismic science, meteorological science, computational science, etc. Specifically, the future research in this field needs to focus on the following aspects.
Building a 3D digital deduction platform
A variety of numerical methods need to be cross-fused. The numerical simulation system reflecting the continuous-discontinuous, large deformation, and large displacement characteristics of rock and soil and the transformation mechanism of different disasters is urgent. Especially, the new constitutive relationship, numerical algorithm, and digital deduction system are necessary to form a general geotechnical and geological disaster analysis software. On this basis, multi-scale, whole process, and fine deduction of typical geotechnical and geological disaster scenes can be deduced.
Developing monitoring technology integrating multi-means
The detection and monitoring technologies integrating large-scale, all-space, all-weather multi-means is urgent, especially in geophysics, remote sensing, Beidou, UAV, Fiber Optics, and MEMS in no man’s land. The developed detection and monitoring technology of geotechnical and geological disasters should be suitable for complex environments.
Exploring intelligent evaluation and prediction methods
Using high-precision measurement and monitoring technology, combined with big data, deep learning, and intelligent algorithms, to quickly obtain and analyze disaster information is the development trend. In the research process, it is necessary to propose and improve the machine learning algorithm based on the characteristics of geotechnical and geological disaster samples. The automatic recognition theory based on multi-source data (optical images, digital surface models, multispectral images and hyperspectral images, etc.) should be explored. A disaster monitoring platform based on expert systems and cloud computing also needs to be developed.
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In rock engineering, block theory is a fundamental theory that aims to analyze the finiteness, removability, and mechanical stability of convex blocks under different engineering conditions. In practice, the possible combinations of the fractures and joint sets that may generate key blocks can be identified by stereographic projection graphs of block theory. However, classic key block theory does not provide solutions for nonconvex blocks, which are very common in civil projects, such as those with underground edges, corners, and portals. To enhance the availability of block theory, a general algorithm that can analyze the removability and stability of blocks of arbitrary shapes is proposed in this paper. In the proposed algorithm, the joint pyramid for blocks of arbitrary shapes can be computed, and the faces of the blocks are grouped according to their normal vectors such that parallel or nonadjacent sliding faces with the same normal vector can be immediately identified when the sliding mode is determined. With this algorithm, blocks of arbitrary shapes can be analyzed, and users do not need to have experience interpreting graphs of block theory to take advantage of its accuracy and effectiveness. The proposed algorithm was verified by several benchmarking examples, and it was further applied to investigate the stability of the left bank rock slope of a dam. The results showed that the proposed algorithm is correct, effective, and feasible for use in the design and support of excavation in complex rock masses.
Keywords: block theory, sliding mode, arbitrary shape block, key block, engineering application
INTRODUCTION
Block theory Shi (1977), Shi (1982) is an important analysis method in computational rock mechanics and has been applied in many rock engineering projects in the past 30 years (Zhang et al., 2014; Zheng et al., 2014; Sun et al., 2015). The core purpose of classic block theory is to analyze the finiteness, removability, and mechanical stability of convex blocks Goodman and Shi (1985), Li and Xiao (2010) under different engineering conditions. There are three assumptions in block theory. First, it is assumed that all fractures are infinite planes. Second, all the blocks are assumed to be rigid bodies. Third, it is assumed that blocks move in only translation and do not rotate. Under these assumptions, block theory judges finiteness, removability and stability of blocks by considering joint planes and space planes that the faces of the convex blocks are located. The mechanical stability of blocks is computed based on the removability, frictional angles of joint planes and resultant force applied on the block. Then, suggestions for the design and construction of rock engineering are proposed based on the analysis results. The joint pyramid (JP) is the core concept of block theory; it is a convex pyramid intersected by inward half spaces that faces of blocks are located. The evacuation pyramid (EP) is similar to the JP and corresponds to the intersection of the evacuation half spaces. A block pyramid (BP) corresponds to the intersection of joint pyramid (JP) and evacuation pyramid (EP). As shown in Figure 1A, four key blocks are generated considering the intersection of orange and green joint sets and the tunnel boundary. In Figure 1B, joint pyramid codes of the blocks at the surface of a tunnel are shown; the label “01” means above an orange joint plane and below a green joint plane. The removability of blocks can be analyzed by the joint pyramid of convex blocks.
[image: Figure 1]FIGURE 1 | Key blocks on boundary of rectangle-shaped tunnel: (A) four key blocks cut by two joint sets and the tunnel boundary; (B) key blocks labeled by their joint pyramid code.
With block theory, key blocks of different joint pyramids can be estimated before excavation, and the shape and volume of the maximum key block can be analyzed. The concept of a maximum block means that the key blocks belonging to the same joint pyramid cannot be removed if they have larger volumes. The maximum key block must correspond to the largest supporting force; thus, block theory provides conservative and safe support suggestions, and it is a useful and efficient tool in engineering. As shown in Figure 2, block theory is used to analyze an underground cavern. There are three main sets of joints in the cavern region whose geometrical parameters (dip direction ∠dip) are 0°∠50°, 120°∠60° and 240°∠70°. And their friction angles are 20°, 30° and 40°, respectively. Different combinations of joint sets form different joint pyramids and key blocks with different excavation surfaces. Block theory requires only a few joint planes; thus, the orientation and location of planes can be directly measured by geological compasses or other equipment on site (Gonzalez-Palacio et al., 2005). Subsequently, the volumes, weight and shapes of the maximum key blocks can be obtained. In Figure 2, the solid circles denote the projections of joints, and the label “101” is the joint pyramid code, which means below joint sets 1 and 3 and above joint set 2. The label “+0.58” (below the joint pyramid code) corresponds to the residual sliding force on a unit volume of the corresponding joint pyramid “101”. The corresponding maximum key blocks for joint pyramids “010”, “111”, and “101” are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Joint pyramid and blocks.
In practice, the orientations and locations of fractures and joint sets can be obtained by field survey, and blocks can be generated in two ways: 1) Obtain intersection lines by intersecting the fractures and joint disks. Then, intersection lines are intersected to obtain all the intersection points and final intersection lines. Then, search all the closed loops and save them as polygons. Finally, search the polyhedrons by determining the correlation between the intersection lines and searched polygons (Zhang and Wu, 2005; Zhang and Wu, 2007). 2) Extend all fractures and joint sets into infinite planes. Then, perform the same procedure as in the first approach to find all the polyhedrons. Then, return the infinite planes back to their original sizes. Finally, polyhedrons that share the same imaginary faces are combined (Yu et al., 2005). These two methods are commonly used to obtain approximate blocks, but the second method requires more computation. They are both based on computational geometry and require a discrete fracture network (DFN) model to be established first. Because the orientations of joints are complex and difficult to obtain, stochastic approaches are usually adopted to generate joints (Mauldon, 1993; Ahn and Lee, 2004; Dowd et al., 2009). After block generation, the convex blocks can be analyzed by classic block theory to obtain more accurate results. To make block theory more applicable, researchers have focused on nonconvex blocks Shi and Goodman (1989), Shi (2006), Menéndez-Díaz et al., (2009), Elmouttie et al. (2010) and more complex application scenarios (Fu et al., 2016; Zheng et al., 2016; Wu et al., 2018). Compared to the much more complex stability analysis He et al. (2018), Zhang and Shi (2021) of discontinuous deformation analysis Shi (1992), block theory is a static method that has three features: 1) the removability of blocks is analyzed by geometrical and topological methods; 2) stability is determined by simple mechanical analysis; and 3) only translation movement at the initial moment is considered. Thus, block theory requires much less computational cost and is suitable to find key blocks and provide supporting advice during the survey and construction period of civil engineering projects. To facilitate the utilization of block theory Cheng et al. (2017), three-dimensional visualization for stereographic projection Li et al. (2010) and equilibrium region graphs Xue and Song (2017) have been implemented. However, a general algorithm with which to compute the stability of blocks of arbitrary shapes is still needed.
We focus on finite blocks in this paper, and a general algorithm to analyze the stability of blocks of arbitrary shapes is proposed, as described in Proposed Algorithm. Joint pyramids for blocks of arbitrary shapes can computed by proposed algorithm that based on classical block theory, by which the stability of blocks can be analyzed. Validations and engineering applications are given in Validations and Engineering Applications. Conclusions are given in Conclusion. By means of the method proposed in this paper, dangerous key blocks of arbitrary shapes, such as those at the edges, corners, and portals of underground chambers, can be identified by engineers immediately.
PROPOSED ALGORITHM
All blocks formed by fractures of a finite size in a given rock mass domain can be identified using 3D block-cutting analysis. Among these blocks, there may exist blocks that have parallel faces or concave angles formed by fracture surfaces. However, a general key block judgment algorithm for blocks of arbitrary shapes is seldom studied. To make block theory suitable for blocks of any shape, this paper proposes a general algorithm for analyzing block stability. It simplifies faces of arbitrary shapes into joint planes and computes a joint pyramid for the joint planes, even those with concave angles. The algorithm can utilize block theory to create industrial products that everyone can use.
The algorithm has been designed and implemented as a library, whose architecture is shown as Figure 3. The input module reads blocks generated by the 3D cutting process. Then, the analysis module invokes the classes “BlockFacesTagger”, “JointPyramidAnalyzer” and “BlockStabilityAnalyzer” to analyze the stability of each block. Finally, the output module saves and displays the analysis result. The analysis takes the following steps:
1) “BlockFacesTagger” classifies and tag faces of a block and give each face an id according to the face normal vectors (see Grouping and Tagging Block Faces).
2) “JointPyramidAnalyzer” computes the joint pyramid based on the normal vectors from the first step to build the relation between the faces of the block and the joint pyramid (see Computing the Joint Pyramid).
3) “BlockStabilityAnalyzer” computes block stability according to the joint pyramid, e.g., sliding mode (see Analyze Stability of Joint Pyramid).
[image: Figure 3]FIGURE 3 | Design of block stability analysis module.
Grouping and Tagging Block Faces
To analyze the stability of blocks, engineers must simplify the faces of blocks into joint planes first, which is tedious and complex work. To make block theory easier to utilize, the proposed algorithm groups and tags the faces of the block by the face normal vectors and generates joint planes. It has the following steps:
1) Prepare a normal array N and normal id array NI.
2) Iterate through the faces of the block, and check whether each normal already exists in N.
3) If the normal does not exist, identify the current face normal with a size of N and add a new normal into N; otherwise, just use the id of the existing normal.
The key steps are described in Algorithm 1.
[image: FX 1]
Algorithm 1 Tagging faces of the block, determined by the face normalsinput: faces of block: F; number of faces: Moutput: Normal array N; normal id array NIBegin:
1 N←[image: image];NI←[image: image]
2  fori←0 to M
3   S←size of normal array N
4   forj←0 toS
5    if parallel (Nj, Fi.normal)
6     thenNI←NI∪j;break
7   if j = = S
8    thenNI←NI∪S; N←N∪Fi.normal
Computing the Joint Pyramid
According to block theory, “a convex block is removable if and only if its block pyramid is empty and joint pyramid is not empty” (Goodman and Shi, 1985). Because blocks in the real world are all finite, the block pyramid is always empty; see Eq. 1. Therefore, we only need to consider the joint pyramid, and then the theorem can be simplified as “finite convex blocks are removable if and only if its joint pyramid is not empty”.
[image: image]
In classic block theory, joint pyramids are only used to analyze convex blocks. However, blocks have various shapes in practice, and we must find a general way to compute the joint pyramid. “A finite nonconvex block is a composite block that consists of some finite convex blocks. If all its convex subblocks are removable, the nonconvex block is removable” (Li et al., 2012). If a block is removable, the movement direction must be in the joint pyramid of this block, and the joint pyramid is not empty. Thus, we need to compute the intersection of joint pyramids of all the convex subblocks only. Because the number of joint planes of these joint pyramids is finite, we compute the intersection of all half spaces of the joint planes of this block.
Therefore, a nonconvex block is removable if and only if its joint pyramid is not empty. The joint pyramid of a nonconvex block is the minimum pyramid that belongs to any other combination of half spaces of joint planes of the block. Thus, we need to obtain the orientations of the joint planes first, i.e., dip angles and dip direction angles.
There are four steps to compute the joint pyramid for any number of joint planes, even those with concave edges:
1) Determine all the inward normal vectors of the joint planes.
2) Compute the cross-product for every two normal vectors and save the cross-product vectors if the dot-product between itself and any other normal is positive, then do the same procedure for the reverse vector of the cross-product vector.
3) Simultaneously reserve the face pairs of all the cross-product vectors saved in step 2.
4) Iterate all face pairs, sort them into end-to-end order, and reverse any face pairs if needed.
Algorithm 2 provides a detailed explanation of this computation.
[image: FX 2]
Algorithm 2 Compute the joint pyramid of a nonconvex block without parallel facesinput: Dip angle ai, dip direction angle bi; number of joint planes Moutput: Edge information of the joint pyramid, i.e., the edge vector EV; face pairs of edges FPbegin:
1 fori←0 to M, do
  ni←(sinai·sinbi, sinai·cosbi, cosai);
  if ith joint plane use below half space then
   ni← - ni
2 Edge vector EV←[image: image], Face pair FP←[image: image]
3 fori←0 to M-1
4  forj←1 to M
5   T1←cross (ni, nj); T2 ←-T1; Flag1←true; Flag2←true
6   fork←0 to M
7    if k = = i OR k = = j then continue
    If dot(T1, nk) < 0 then Flag1←false
    If dot(T2, nk) < 0 then Flag2←false
8    If Flag1 then EV←EV∪T1, FP←FP∪ (i,j)
   if Flag2 then EV←EV∪T2, FP←FP∪ (i,j)
11 N←number of EV
12 fori←0 to M-1//connect edge in end-to-end order
13  forj←1 to M
14   if FPi.seconfFace == FPj.secondFace
15    then swap(FPj.firstFace, FPj.secondFace)
   if FPi.secondFace == FPj.firstFace
    then swap (Ti+1,Tj) and swap (FPi+1,FPj)
Analyze Stability of Joint Pyramid
According to block theory, a block is in a stable mode if its joint pyramid is empty, which means that there is no space available to move into. Otherwise, there are three types of translational failure modes: lifting, single-face sliding and double-face sliding.
If a block is in lifting mode, the motion direction [image: image] is parallel to the direction of resultant force [image: image]:
[image: image]
where [image: image] is the orthographic projection of [image: image] on face [image: image].
If a block slides along one face of its joint pyramid, i.e., sliding along one face or parallel faces of the block. If the index of the sliding face is [image: image], then its translational direction [image: image] is:
[image: image]
where [image: image] is normal vector of face [image: image]. For the single-face sliding mode, Eqs. 4, 5must be satisfied:
[image: image]
[image: image]
If a block slides along two nonparallel faces [image: image] and [image: image] of a joint pyramid simultaneously, its sliding direction is:
[image: image]
where [image: image] is equal to -1, 0 or 1 when [image: image] is < 0, = 0, or >0, respectively. Thus, Eqs. 7–9 must be satisfied at the same time:
[image: image]
[image: image]
[image: image]
To compute the stability of the joint pyramid, all the sliding vectors need to be computed to find the final sliding mode. This requires the following steps, as shown in Figure 4:
1) If the joint pyramid is empty, the block is in a stable mode; go to step 7; otherwise, go to the next step.
2) Check if the resultant force is in the joint pyramid. If it is in, the block is in lifting mode, and go to step 7; otherwise, go to the next step.
3) Compute all the single-face sliding vectors and double-face sliding vectors.
4) Filter all the sliding vectors that are out of the joint pyramid.
5) Find the sliding vector that has the smallest angle with the resultant force, which corresponds to the final sliding direction, from the filtered vectors.
6) Judge the sliding mode and compute the sliding force for the final sliding direction.
7) Process ends.
[image: Figure 4]FIGURE 4 | Judgement of the stability of a block.
VALIDATIONS
In this section, the correctness and feasibility of the proposed algorithm are verified by block with parallel faces and concave angles. This block is on the edge of a tunnel, and its faces are tagged with f1, f2, f3, f4, f5, f6, and f7, and the normal ids of the faces are tagged with 1, 2, 3, 4, 4, 5, and 6. Among these faces, f4 and f5 are parallel, while f1 and f3 form a concave edge. Faces f6 and f7 of the block are located on the boundary of tunnel, so they act as space planes, and all the other faces are used as joint planes, as shown in Table 1. Under gravity force, i.e. (0, 0, −1), the concave block is in the double-face sliding mode along faces f3, f4 and f5, and the sliding force of unit weight is 0.806, as shown in Figure 5.
TABLE 1 | Orientations of a concave block with the first face as the space plane.
[image: Table 1][image: Figure 5]FIGURE 5 | Sliding Mode for a concave block on the edge of tunnel.
ENGINEERING APPLICATIONS
The proposed algorithm is used to study the stability of the left bank of a dam in China. The left bank slope is excavated on a large scale, and the strike of the excavated slope changes significantly, showing a different angle with the strike of the rock stratum, as shown in Figure 6. According to the direction of the excavation slope and the different engineering positions, the left bank slope is divided into four slope sections: 1) the upstream slope of the dam abutment, 2) the front and the downstream slope of the dam abutment, 3) the tailrace slope, and 4) the downstream slope of the tailrace canal.
[image: Figure 6]FIGURE 6 | Slope shape and division of the left bank slope.
The average occurrence of the strata is 268∠39° (dip direction ∠dip), with some interlayer shear zones developed. There are three main sets of joints developed in the rock mass. The joints are straight and closed, with a calcite film attached. The geometric and mechanical features of the discontinuities considered in the analysis are shown in Table 2.
TABLE 2 | Physical and mechanical properties of the structural surfaces.
[image: Table 2]When adopting block theory, it is necessary to analyze only the blocks formed by the combination of the strata and the joints. The blocks formed by a combination of joints are omitted due to their small volume, and the stability of this kind of block can be ensured by a general slope hanging net and anchor rod support system. Generally, gravity is considered the only force applied to the blocks.
Using full-space stereographic projection analysis, the removable joint pyramids and their sliding modes of different slope sections are obtained. See Table 3. Among them, the stereographic projection of the slope near section 1 is shown in Figure 7.
1) For the same slope section, if the result of the stereographic projection analysis shows that there are two or more types of removable blocks, then only blocks with a poor stability, large scale, or high support requirement need to be analyzed in the block stability and engineering support analysis. When the stability of this type of block is ensured, other types of removable blocks are stabilized.
2) When only the effect of gravity is considered, the double-face sliding mode has a smaller safety factor if both faces are upward. Therefore, if there are joint pyramids “00” and “01” at the same slope section, only the blocks formed by joint pyramid “00” need to be analyzed.
TABLE 3 | Types and sliding modes of the movable blocks at section 1
[image: Table 3][image: Figure 7]FIGURE 7 | Stereographic projection of the strata and NWW near section 1.
The strata on the upstream slope of the dam abutment incline outward, and the strata direction (strike 178°, dip direction 268°) is close to the slope direction (strike 162°, dip direction 252°). According to the qualitative analysis of engineering geology, the slope is a near-forward slope, and the blocks exhibit a single-face sliding mode along the strata. According to the analysis of the full-space stereographic projection, when combining interlayer shear zone II1-7005 with the fractures of the NWW group, block 1 in Figure 8 can be formed, and the block is in a single-face sliding mode along the interlayer shear zone. The block traces the NWW group and forms a shear zone. Since zone II1-7005 is exposed at the ∇173 m platform, the block with the largest body is formed when the shear surface passes through the intersection of zone II1-7005 and ∇173 m. However, the block may be unremovable due to the shape restriction. In fact, it is more reasonable to cut the rock at a certain position on the inner side of the slope to form a shear surface, i.e., Block 2 in Figure 8 and Block 3 in Figure 9.
[image: Figure 8]FIGURE 8 | Semilocating the block on the upstream slope of the dam abutment (blocks 1 and 2).
[image: Figure 9]FIGURE 9 | Semilocating the block on the upstream slope of the dam abutment (block 3).
The shear surface on the inner side of the slope follows other cracks or shear surfaces that cut through the rock mass. With the different orientations of the inner shear surfaces of the slope, the shape and stability of the blocks are different. Thus, to determine the final support design, the orientation of the inner shear surface of the slope with the smallest safety factor must be identified. Within the possible variation range of the dip direction, the shape characteristics of blocks are shown in Figure 10, and the stability is shown in Table 4. The analysis results show that when the shear surface orientation is 350°∠85°, the safety factors of the blocks in Figure 10E, F and have the same value of 0.222, which is the smallest value calculated in this case, and the sliding mode of the blocks is single-face sliding. However, the block in Figure 10F is more dangerous because of its larger volume.
[image: Figure 10]FIGURE 10 | Shapes of blocks with different shear surface orientations.
TABLE 4 | Block stability with different shear surface orientations.
[image: Table 4]The conclusion obtained by the analysis of block theory is similar to the qualitative analysis of engineering geology. The block undergoes single-face sliding with the interlayer shear zone as the sliding face, but the block theory clearly identifies the shear surface through the analysis of block morphology. When the orientation of the shear surface is different, the sliding mode of the block can transition from double-face sliding to single-face sliding. Accordingly, the safety factor of the block changes.
The spatial position of the block can be analyzed after determining the orientation of the shear surface. In different positions, the size and shape of the blocks are different, and the stability is different as well. Therefore, it is necessary to compute the safety factors of blocks of different sizes and shapes within the possible range of block sizes to fully describe the stability characteristics of this type of block. The analysis results show that when a block is as large as possible, its safety factor is smaller; the largest possible block is shown in Figure 11. The volume of this block is 45,808 m3.
[image: Figure 11]FIGURE 11 | The shape of this block suggests that support is needed on the upstream slope of the dam.
CONCLUSION
In this paper, we propose a general block stability analysis algorithm based on the traditional block theory analysis framework. It has 2 advantages: first, parallel or nonadjacent sliding faces with the same normal vector can be identified immediately, which may provide more detailed support advice for engineers; second, the joint pyramids and removability of blocks of arbitrary shapes can be computed, which greatly enhances the applicability of block theory. The feasibility of the proposed algorithm in treating blocks with parallel faces and concave angles is verified first. Then, the proposed algorithm is used to locate the key block on the left bank slope of a dam in China, and the final key block identified using the proposed algorithm is similar to that identified via a qualitative engineering geology analysis. Using this proposed algorithm, engineers can analyze block stability and find key blocks of arbitrary shapes at any position without the additional cost of interpreting graphs of block theory, which could greatly promote the development and application of block theory.
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For the issue of collapse susceptibility prediction (CSP), minimal attention has been paid to explore the uncertainty characteristics of different machine learning models predicting collapse susceptibility. In this study, six kinds of typical machine learning methods, namely, logistic regression (LR), radial basis function neural network (RBF), multilayer perceptron (MLP), support vector machine (SVM), chi-square automatic interactive detection decision tree (CHAID), and random forest (RF) models, are constructed to do CSP. In this regard, An’yuan County in China, with a total of 108 collapses and 11 related environmental factors acquired through remote sensing and GIS technologies, is selected as a case study. The spatial dataset is first constructed, and then these machine learning models are used to implement CSP. Finally, the uncertainty characteristics of the CSP results are explored according to the accuracies, mean values, and standard deviations of the collapse susceptibility indexes (CSIs) and the Kendall synergy coefficient test. In addition, Huichang County, China, is used as another study case to avoid the uncertainty of different study areas. Results show that 1) overall, all six kinds of machine learning models reasonably and accurately predict the collapse susceptibility in An’yuan County; 2) the RF model has the highest prediction accuracy, followed by the CHAID, SVM, MLP, RBF, and LR models; and 3) the CSP results of these models are significantly different, with the mean value (0.2718) and average rank (2.72) of RF being smaller than those of the other five models, followed by the CHAID (0.3210 and 3.29), SVM (0.3268 and 3.48), MLP (0.3354 and 3.64), RBF (0.3449 and 3.81), and LR (0.3496 and 4.06), and with a Kendall synergy coefficient value of 0.062. Conclusively, it is necessary to adopt a series of different machine learning models to predict collapse susceptibility for cross-validation and comparison. Furthermore, the RF model has the highest prediction accuracy and the lowest uncertainty of the CSP results of the machine learning models.
Keywords: collapse susceptibility prediction, remote sensing, geographic information system, machine learning models, uncertainty analysis 2
INTRODUCTION
Mountain collapse is a geological phenomenon in which the rock and soil mass on a steep slope suddenly breaks away from the parent body under the action of gravity (Martínez-Moreno et al., 2016; Sun et al., 2017; Yang et al., 2020c). Collapse is a destructive type of geological disaster in human society that directly endangers people’s lives and properties and causes serious environmental problems (Martínez-Moreno et al., 2016; Dou et al., 2020; Yang et al., 2021).
Collapse susceptibility prediction (CSP) and mapping can accurately locate potential areas of collapse occurrence and lay a solid foundation for collapse hazard and risk assessment (Yilmaz et al., 2013). Collapse susceptibility refers to the spatial probability of regional collapse occurrence. In recent years, great progress has been made in mapping collapse susceptibility based on geographic information system (GIS) (Li W et al., 2020; Sun et al., 2021) and quantitative CSP models (Bragagnolo et al., 2020). However, many problems still need to be solved in this research subject. Hence, this article attempts to explore the problems existing in CSP and tries to put forward solutions for promoting the in-depth research of CSP modeling (Merghadi et al., 2020).
A prediction model can be established by analyzing past collapses and their related environmental factors to predict the spatial position of possible collapses in the future (Zhu et al., 2020). The selection of environmental factors, the realization of the connection between collapse and environmental factors, and the selection of an appropriate prediction model are three basic research topics in collapse susceptibility modeling (Shirzadi et al., 2017; Huang et al., 2020a). Some literature works show that environmental factors related to collapse in a large area mainly include topographic and geomorphic factors, land cover factors, and hydrologic environment and lithology factors (Martínez-Moreno et al., 2016; Santo et al., 2017). The specific types of collapse environmental factors can be determined by reviewing the relevant literature, how easy it is to obtain these environmental factors, and the basic evolution characteristics of collapses in the study area (Sun et al., 2017). In the next step, nonlinear connections are made between the collapses and the abovementioned environmental factors, and the results of the connections are used as the input variables of the CSP models (Gutiérrez et al., 2021). At present, the frequency ratio coefficient (Li et al., 2017) and information entropy (Feng and Gong 2020) are commonly used to reflect the above correlation features, among which the frequency ratio coefficient is widely used because of its simple principles and excellent effects (Wang et al., 2016).
Generally, quantitative CSP models can be divided into data-driven models (Hong et al., 2017) and deterministic models (Yang et al., 2020b; Huang D et al., 2020). Deterministic models can be considered mechanical models that mainly calculate the stability of collapse (Berhane et al., 2021). However, such models require relatively uniform collapse types, consistent and detailed soil mechanical parameters, and hydrological factors (Wang et al., 2021). Unfortunately, these prerequisites limit the application of deterministic models, especially in a large area (Godt et al., 2008). Data-driven models can be divided into heuristic models, mathematical statistics models (Tang R-X et al., 2020), and machine learning models (Chen and Chen 2021). Relevant studies show that machine learning models have better generalization ability and susceptibility prediction effects (Rahmati et al., 2019) than heuristic and mathematical statistical models (Hodasová and Bednarik 2021). Machine learning can handle nonlinear corrections between the collapse susceptibility index (output variables) and input variables, and automatically determine the model parameters (Shirzadi et al., 2017; Huang et al., 2020a; Chang et al., 2020).
In recent years, the accuracy of susceptibility models is evolving rapidly from opinion-driven models and mathematical statistical models toward increased uses of machine learning models for the landslide, flood, and other disasters’ susceptibility prediction (Costache 2019; Khosravi et al., 2019; Romali and Yusop 2021). The research studies including background information on their operation, implementation, and performance on machine learning in disaster susceptibility mapping (Chang et al., 2020), such as logistic regression (LR) (Sun et al., 2021), radial basis function network (RBF) (Pham et al., 2016), chi-square automatic interaction detector decision tree (CHAID) (Chen et al., 2017; Park et al., 2018), multi-criteria approach (Mahmoud and Gan 2018), fuzzy logic (Xia et al., 2020), artificial neural network (Bui et al., 2020; Huang et al., 2020d), random forest (RF) (Trigila et al., 2015; Chen et al., 2018), multilayer perceptron (MLP) (Pham et al., 2016; Huang et al., 2020b), support vector machine (SVM) (Zhang et al., 2021), and Bayesian algorithm models (He et al., 2019), have been published.
However, comparisons of current machine learning models for CSP studies are currently lacking; there is no consensus on which model is the most suitable for CSP modeling, and the CSP results of different machine learning models vary greatly (Wang et al., 2014). Hence, it is significant to compare the uncertainty characteristics of CSP modeling by different machine learning models. Furthermore, even if there is no significant difference in the accuracy of CSP results, only a small increase will have an important impact on the distribution rules of collapse susceptibility indexes (CSIs) and change the classification results of susceptibility levels. In addition, due to the influences of environmental factors and machine learning modeling processes, CSP results are often characterized by strong uncertainties. Unfortunately, the existing studies pay little attention to the uncertainties studied under different machine learning models (Feizizadeh et al., 2014). As a whole, in addition to the accuracy analysis of CSP, if some other uncertainty characteristics of CSP results are further analyzed, the CSP effects and feasibility can be better understood (Liu et al., 2020).
To summarize, to explore the uncertainty characteristics of different machine learning models in CSP, six kinds of typical machine learning models, including LR, RBF, MLP, SVM, CHAID, and RF models, are adopted to predict the collapse susceptibility in An’yuan County of China. In order to avoid the uncertainty generated by different study areas, Huichang County of Jiangxi Province in China is also used as the study area.
METHODOLOGIES
The purpose of this study is to explore the uncertainties in CSP under different machine learning conditions. The modeling steps of this study are shown in Figure 1 as follows: 1) A spatial dataset is collected using GIS and remote sensing technologies, including 108 collapses and 11 environmental factors (such as the digital elevation model (DEM), normalized difference vegetation index (NDVI), normalized difference built-up index (NDBI), and modified normalized difference water index (MNDWI)). 2) Next, the nonlinear correlations between these collapses and environmental factors are calculated by the FR method in ARCGIS using spatial analysis functions. 3) Collinearity diagnosis of environmental factors and analysis of their relative importance are performed. 4) LR, RBF, MLP, SVM, CHAID, and RF models are used for collapse susceptibility modeling and mapping. 5) The area under the ROC curve (AUC), frequency ratio accuracy (ACC), and other statistical methods are used to evaluate the predictive performance and uncertainty characteristics of the above machine learning models.
[image: Figure 1]FIGURE 1 | Flow chat of regional collapse susceptibility prediction modeling.
Remote Sensing and Geographic Information System for Collapse Susceptibility Prediction
In this study, the collapse-related environmental factors are extracted and managed using RS and GIS technologies, including topographic, land cover, and hydrological and lithological factors. In particular, the topographic factors of elevation, slope, slope aspect, profile and plane curvature, and topographic relief are extracted through the topographic spatial analysis using ArcGIS 10.3 software (Chen and Chen 2021). Meanwhile, the hydrological factors of distance to rivers are extracted through the hydrological analysis tools in GIS. Furthermore, the NDBI, NDVI, and MNDWI are extracted from Landsat TM eight images. In addition, the lithology is drawn and managed in GIS. Finally, the CSMs are produced and displayed by the GIS.
Acquisition of Topographic Factors
The areas with relatively low elevations mainly distributed in the central and northern parts of An’yuan County. The plane and profile curvatures, respectively, describe the vary features of concave and convex terrains from the horizontal and vertical directions (Zheng et al., 2021). Based on the definitions, the plane curvature and profile curvature are, respectively, calculated as the slope of the aspect and the slope of the slope in the ArcGIS 10.3 software. At the same time, the topographic relief reveals the surface relief feature of the study region geography is calculated by the statistical test and the maximum height difference method in GIS (Tang Y et al., 2020).
Analysis of Hydrological Factors
The effects of hydrological factors on collapse occurrences are reflected through the distances of grid units to the river networks. The influence of the river networks on the collapse evolution is mainly due to slope erosion and slope washing, leading to a lower stability of the slope mass (Sun et al., 2021). Furthermore, the distance to rivers shows the balance characteristics among climate, geomorphology, and hydrology.
Acquisitions of Land Cover Factors From RS Images
The NDVI mainly represents the detection of vegetation growth and coverage conditions of the study area (Eq. 1). The NDBI is used to calculate the building distribution features in the study area (Eq. 2). In addition, the MNDWI represents the surface water distribution features (Eq. 3) (Roy et al., 2020). The [image: image],[image: image],[image: image], and [image: image] are the measurements of spectral reflectance obtained in the visible green band, visible red band, near infrared band, and middle infrared band of Landsat eight TM image, respectively (Chang et al., 2020).
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Frequency Ratio Analysis
The frequency ratio (FR) is a representation of the importance of attribute intervals of environmental factors to collapse susceptibility (Zhang et al., 2020; Huang et al., 2021). In general, FR > 1 indicates that the attribute interval of the environmental factor has a positive impact on the collapse formation, and FR < 1 indicates that the attribute interval of the environmental factor has a negative impact on the formation of collapse. In this study, the FR of environmental factors is used as the input variable of each model, as shown in Eq. 4, where [image: image]represents the collapse area within the [image: image]th attribute interval of the environmental factor; [image: image]represents the total area of collapse in the study area; [image: image]represents the area of the [image: image]th attribute interval; and [image: image] represents the total area of the study area.
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Machine Learning Models
Logistic Regression Model
Logistic regression (LR) is a classification and a prediction learning method that approximates the logarithmic probability of real markers with the predicted results of a linear regression model (Chen et al., 2016). For collapse events, the probability of collapse occurrence can be obtained directly by modeling the classification probability without assuming the data distribution in advance. As shown in Eq. 5, [image: image]is an effective function of collapse event; [image: image]is the probability of collapse[image: image], where[image: image] is the likelihood ratio; [image: image] is the intercept; [image: image] is the logistic regression coefficient; and [image: image] is the collapse environmental factor. In the analysis of collapse susceptibility, LR is used to find the optimal fitting function to describe the relationship between the occurrence of collapses and a set of independent indicators such as the elevation, slope, and formation lithology.
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Radial Basis Function Neural Network
Radial basis function (RBF) neural network is a kind of effective multilayer feed forward network with a fast operation speed and strong nonlinear mapping ability (Pham et al., 2018). The input layer is the collapse-related environmental factors represented by[image: image], information is passed through the input node into the hidden layer without the need for a weight connection. The hidden layer activation function adopts the nonlinear radial basis function, and the Gaussian function is most often used, as shown in Eq. 7:
[image: image]
where [image: image] indicates the center of the node of the hidden layer and [image: image] indicates the control parameter of the kernel functions. The output layer is the linear weighted sum of the output of the hidden functional layer neurons, and the expression is shown in Eq. 8:
[image: image]
Here, [image: image]denotes the connection weights between the hidden layer and the output layer, h denotes the node points of the hidden layer, and n denotes the node points of the output layer. [image: image] denotes the output of the [image: image]th node of the network corresponding to the input sample.
Multilayer Perceptron
The multilayered perceptron (MLP) is the most widely used ANN type for classification (Pham et al., 2016). An MLP consists of three main parts: the input layer, hidden layer, and output layer. The FR values of the environmental factors of collapse are the input, and the output layer is the result of the binary variables, where collapse is expressed as 1 and non-collapse is expressed as 0. The classification layer that converts the input variables into output variables is the hidden layer. In this study, the input layer [image: image] is a vector of 11 collapse environmental factors.
The CSP processes of the MLP are as follows: 1) the weight values between the input and the hidden layers are randomly initialized, and the activation function [image: image] in the hidden layer is used for the process of passing forward; 2) in the training process of a given network architecture, the network is optimized by adjusting the weight, and the error between the output result and the expected value is calculated; and 3) finally, the connection weights are constantly updated in the iterative processes of error back propagation to obtain a result output with the minimum error, which is regarded as the membership of each terrain unit to the collapse category.
Support Vector Machine
SVM is a typical kind of machine learning (Huang and Zhao 2018). The kernel function is used to map the input vector to a high dimensional feature space so that the nonlinear data can be linearly separable in the high dimensional space. Based on a set of linearly separable training vectors [image: image] that includes the FR values of 11 environmental factors and corresponding output classes[image: image], the collapse classes are distinguished by the maximum clearance of n-dimensional hyperplane. In addition, correct constraints are classified as [image: image], where [image: image] is the norm of the normal hyper-plane and [image: image] is a constant. The Lagrange function is used to solve the convex quadratic optimization problem, as shown in Eq. 9, where[image: image]is a Lagrange multiplier. For the case of linear inseparability, a relaxation variable [image: image]is added to control classification errors. The constraints for correct classification are changed as Eq. 10.
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Then, [image: image] is introduced to consider the wrong classification, and the hyperplane distance is expressed in Eq. 11. The kernel functions of the SVM model include linear, polynomial, radial basis function, and sigmoid; the RBF kernel function is more commonly used for several kinds of landslides and CSP than the others.
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Chi-Square Automatic Interactive Detection Decision Tree
The CHAID model has the ability to automatically classify a large number of collapses with environmental factors (Kadavi et al., 2019). After feature selection and data preprocessing, 11 environmental factors are taken as input variables, and “collapse” and “non-collapse” are taken as the output variables in the screening process of the decision tree model. In CHAID, the performance of the classification iteration stops as long as there is no significant chi-square value between the output variable and the environmental factors. Nominal data are used by CHAID as the output variable. If the data are essentially classified, Pearson chi-square, Eq. 12, is used.
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Here, [image: image], [image: image]indicates the frequency of the unit, [image: image]is the prediction rate of the independent model [image: image], and the corresponding [image: image].
Random Forest
The RF model is a relatively new and powerful approach to regression and supervised learning that integrates all the results of the classification and regression tree (Emami et al., 2020). RF can alleviate the discontinuities in classification and regression trees and make the predicted values smoother. Classification and regression trees have two disadvantages: first, they are sensitive to training datasets, and different training data may lead to significant changes in the constructed trees; second, a finite number of leaves lead to a limited number of predicted values, thus making the predicted values discontinuous. Fortunately, the RF model can be introduced to effectively overcome these disadvantages (Trigila et al., 2015).
Accuracy Evaluation and Uncertainty Analysis
AUC and ACC of the Model’s Accuracy
The evaluation of CSP model quality is the key to the modeling success. The ROC is a precision evaluation method that does not need to reclassify the CSIs, and the evaluation results are more objective (Cantarino et al., 2019). The area under ROC curve (AUC) is used to evaluate the model accuracy quantitatively, as shown in Eq. 13, where [image: image] denotes the number of negative samples, [image: image]denotes the number of positive samples, and [image: image] represents the order of the [image: image]th negative sample in the entire test sample. The greater the AUC value is, the better prediction performance of the model.
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Predictive accuracy (ACC) is also widely used to evaluate the predictive ability of CSP models. ACC is the ratio of correctly predicted collapse and non-collapse grid units, as shown in Eq. 14, where TP (true positive) and TN (true negative) express the number of correctly classified grid units, and FP (false positive) and FN (false negative) express the number of misclassified grid units.
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Uncertainty Analysis
The Kendall synergy coefficient test is used to analyze the difference in the distribution of the CSIs of these machine learning models (García-Ruiz et al., 2010). Additionally, the numerical distribution characteristics of the CSIs predicted by the machine learning models are analyzed from the perspective of both the mean value and standard deviation. Finally, the best machine learning model is obtained through a comparative analysis of the model uncertainty. The null hypothesis of the Kendall coefficient test with the coefficient W is that the prediction results of different models are consistent, as shown in Eq. 15, where [image: image] is the evaluation model, [image: image] is the sample number, [image: image] is the sum of the rank of the first sample, and [image: image].
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When the prediction results of different models are consistent, W is 1. When the W value is less than 1, the Kendall synergy coefficient should reject the null hypothesis (the differences in the prediction results of the original hypothesis are not significant). When the sample size tends to infinity, the significance test can be performed using Eq. 16. At the significance level of 5%, the chi-square test is used to evaluate the significance difference between machine learning model groups. Therefore, if the calculated significance level is less than or equal to 5%, the null hypothesis is rejected, and the performance of the susceptibility model is significantly different, and vice versa.
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STUDY AREA AND DATABASE
Introduction of the Study Area
This county is located in the hilly southeastern region, Jiangxi Province of China. The latitude and longitude ranges are 115°9′ E ∼ 115°37′ E, 24°52′ N ∼ 25°36′ N, with a total area of 2,374.59 km2. Almost 83.43% of the total area is mountainous; the middle part of the terrain rises and slopes to the north and south (Figure 2). The elevation ranges from 180 to 1,150 m, and the slope ranges from 0° to 58.4°. There are many rivers in An’yuan County with rich water resources. The average annual rainfall in the study area has been 1,640 mm from the 1970s to 2020s, and the rainfall is concentrated in April ∼ July. The land use types are mainly forest and bare grassland, and the forest coverage rate of the study area is 71.8%. Geologically, the strata exposed in the study area include pre-Sinian, Sinian, Cambrian, Carboniferous, Jurassic, Cretaceous, and Quaternary strata.
[image: Figure 2]FIGURE 2 | Geographical location and collapse data.
Spatial Database
Collapse inventory is the basis for collapse susceptibility mapping. According to the statistics of the collapse inventory of the county natural resources bureau, combining high-resolution remote sensing images and field investigations, a total of 108 collapses (Figure 2) with a density of 4.55 collapses per 100 km−2 have been identified over approximately 30 years (1978s–2010s). The collapse size of this region is mainly small and medium sized, and the average area is approximately 7,000 m2. These collapse disasters have the characteristics of the spatial concentration distribution, and the disaster points are more likely to be distributed near the river network system (Figure 3). Steep landform, rock mass with poor mechanical properties and a complex geological structure are the material basis of collapse evolution. Rainfall, groundwater, earthquakes, and engineering construction are the inducing factors for the formation of collapses (Zheng et al., 2018).
[image: Figure 3]FIGURE 3 | Photos of typical collapses in Ganzhou City. (A–D) Examples of four collapses in Ganzhou.
Selection of Collapse Environmental Factors
According to the statistical data and geographical characteristics of An’yuan County, as well as the relevant literature on the selection of collapse-related environmental factors in southeastern China, the types of environmental factors are determined (Yilmaz et al., 2013). In addition, collapse-related environmental factors are specifically acquired based on the data sources of 30 m resolution remote sensing images (Landsat eight TM, October 15, 2013, path/row 121/41 and path/row 121/42), DEMs with a 30 m resolution, and geological maps in GIS (Huang et al., 2020c). As a result, the final 11 environmental factors are topographic factors acquired from DEM data (elevation, slope, topographic relief, profile curvature, etc.), geological factors acquired from a lithology map with a 1:100,000 scale (rock types), hydrological factors (distance to rivers acquired from DEM, and the MNDWI from the above remote sensing image), and land cover (NDVI and NDBI from the above remote sensing image). The collapse inventory and environmental factors are both mapped with a 30 m resolution (Figure 4).
[image: Figure 4]FIGURE 4 | Environmental factors (A) elevation; (B) slope; (C) Plan curvature; (D) Topographic relief; (E) lithology; (F) NDVI; (G) NDBI; (H) MNDWI (Aspect, Profile curvature and distance to rivers are not present).
The data types of the environmental factors mainly include continuous and discrete types. In this study, the lithology factor is discrete and divided according to its rock types. The distance to rivers divided into four levels is calculated by the multiloop buffer analysis in ArcGIS 10.2, and the aspect is divided into eight directions as well as flat land. The rest are continuous environmental factors that should be first divided into eight attribute intervals using the natural breaks method according to the literature (Li Y et al., 2020). Then, based on the eight attribute intervals of the environmental factors, the FR method is adopted to quantitatively analyze the relationship between collapses and these environmental factors, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Frequency ratio diagram of environmental factors in the An’yuan County: (A) elevation; (B) slope; (C) slope direction; (D) Plane curvature; (E) Topographic relief; (F) lithology; (G) NDVI; (H) NDBI; (I) MNDWI (Profile curvature and distance to rivers are not present).
Analysis of Collapse Affecting Factors
Topographic and Geomorphic Factors
DEM is the data source of other topographic factors, whose effects on collapse are illustrated by taking the elevation and slope as examples. In this study, the collapses are mainly distributed at elevations of 180–368 m with frequency ratios greater than 1 (Figure 5A). The slope has a direct and significant influence on the occurrence of collapses. The collapses are mainly distributed within the slope ranges of [24, 60°] (Figure 4B). The frequency ratios suggest that the slope is one of the most important environmental factors (Figure 5B).
Rock Types
The lithology is the material basis of collapse, influencing the probability of collapse occurrence. As a part of the slope body, different rock types have significant differences in collapse susceptibility (Yang et al., 2020a; Cui et al., 2021). The study area is located in a complex Lingnan structural belt where fold structures and fault structures are developed. The rock types mainly include magmatic rocks (41.83%), metamorphic rocks (32.18%), clastic rocks (25.87%), and carbonate (0.12%) (Figure 4E), with corresponding frequency ratios of 0.539, 1.364, 1.297, and 0, respectively (Figure 5F), showing that metamorphic rocks have greater effects on CSP than others.
Land Cover and Hydrologic Factors
The NDVI and NDBI indirectly reflect the influences of engineering activities on collapses in An’yuan County. The frequency ratio of NDVI is greater than 1 when the NDVI is lower than 0.66 (Figure 4F and Figure 5G). The NDBI with values between 0.49 and 0.71 shows relatively larger frequency ratios (Figure 4G and Figure 5H). For the distance to rivers, the closer the river is to the slope, the higher the soil moisture content of the slope. The area with a distance of less than 300 m to the river system has the highest concentration of collapses (35%), with a frequency ratio of 1.869. Meanwhile, the collapses usually occur under MNDWI ranging from 0.392 to 0.498 with a maximum frequency ratio value of 1.214 (Figure 4H and Figure 5I).
Training and Validation Datasets
A spatial database containing collapse grid cells, non-collapse grid cells, and related environmental factors is required, and these spatial data are further divided into training and test datasets. In this study, a 30 m grid unit is used as the mapping unit; as a result, 108 collapses are divided into 1,463 collapse grid units. Additionally, 1,463 non-collapse grid units are randomly selected from 2,655,972 grid units in the whole study area. The 1,463 collapse grid cells and the same number of non-collapse grid cells are randomly divided into two parts, with a ratio of 70/30 (Zhu et al., 2021). Seventy percent of collapse and non-collapse grid cells are randomly selected for model training, and the rest are used for model testing. The susceptible value of the collapse grid cell is set as 1, while the susceptible value of the non-collapse grid cell is set as 0. Then these values are set as outputs. The calculated FR values of the corresponding environmental factors are set as the inputs of the machine learning. Finally, the trained machine learning is used to predict the CSIs of all grid cells in An’yuan County (Guo et al., 2021).
MAPPING OF COLLAPSE SUSCEPTIBILITY IN AN’YUAN COUNTY
Collinearity Analysis of Environmental Factors
Collinearity among collapse-related environmental factors may decrease the predictive performance and increase the complexity of machine learning modeling. Therefore, in this study, the collinearity of the 11 environmental factors is determined by means of the variance enlargement factor (VIF) and tolerance factor (TOL) before the modeling of the susceptibility, when VIF[image: image] 5 or TOL [image: image] 0.2, suggesting that the collinearity among environmental factors is so serious that it is necessary to carry out some corresponding data compression processing. As seen from Table 1, the maximum value of VIF is 2.374 and the minimum value of TOL is 0.421, indicating that there is only small multicollinearity among the collapse-related environmental factors; hence, all 11 input factors can be used to predict the collapse susceptibility of the study area.
TABLE 1 | Collinearity test results of collapse environmental factors.
[image: Table 1]Collapse Susceptibility Prediction by the Logistic Regression Model
The LR model is trained and tested on the basis of the space dataset, and the regression coefficient ([image: image]), standard errors, and significance of each environmental factor are obtained by the maximum likelihood estimation method (Erener et al., 2016). The calculated CSIs are shown in Eq. 17, and the significances of all variables are less than 0.05, indicating that all variables are statistically significant; the values of the environmental factors are positive, indicating that these environmental factors are conductive to the occurrence of collapses. In the following stages, Eq. 17 shows that the coefficients of the MNDWI, lithology, and slope are 1.389, 1.280, and 1.244, respectively. Hence, these three environmental factors have a greater influence on the collapse prediction than the other factors. The collapse susceptibility of An’yuan County is predicted using Eq. 17 and divided into 5 levels according to the natural break point method, as shown in Figure 5A.
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Collapse Susceptibility Prediction by the Radial Basis Function and Multilayered Perceptron Models
The radial basis function (RBF) locally produces an effective nonzero response in a small range and can be used for efficient nonlinear learning. During RBF neural network learning, the number of neurons in the hidden layer is set as 10, and the activation function is the normalized radial basis function. The FR values of the 11 environmental factors are put into the trained model, and the CSIs in the study area are calculated and divided into 5 susceptibility levels, as shown in Figure 6B.
[image: Figure 6]FIGURE 6 | CSP levels using machine learning models: (A) LR, (B) RBF, (C) MLP, (D) SVM, (E) CHAID, and (F) RF models.
The two groups of training data of the MLP model are used to build the best model by adjusting the relevant parameters. The learning rate, momentum, and iteration time in the model are 0.01, 0.25, and 500, respectively. Then, the number of hidden layers is set as two, and the activation function is the Softmax function. The trained MLP model is used to predict the CSIs of all the grid units in the whole study area, as shown in Figure 6C.
Collapse Susceptibility Prediction by the Support Vector Machine, CHAID, and RF Models
Based on the SVM for collapse susceptibility modeling, the RBF, which has been widely used, is selected as the kernel function of the SVM. Three parameters, such as regular parameter (C), regression accuracy ([image: image]), and kernel parameter ([image: image]), of the SVM model are determined by the interactive verification method. In this study, the values of C, [image: image], and [image: image] are set as 9, 0.1, and 0.6, respectively. The trained SVM is used to map the collapse susceptibility of An’yuan County, as shown in Figure 6D.
The classification significance level of the CHAID prediction results is controlled by the Pearson chi-square statistical test (Althuwaynee et al., 2014). Most of the environmental factors that have strong logical relationships with the instability of collapses are classified by CHAID. The CHAID modeling results show that the occurrence of collapse is most significant for the slope, elevation, lithology, and distance to the river. Finally, the trained CHAID model is used to predict the collapse susceptibility in this county, as shown in Figure 6E.
For the modeling of RF, the out-of-pocket errors of different random forest bags are calculated by R language cyclic iteration. In general, the smaller the out-of-pocket error is, the higher the prediction accuracy of the corresponding model. Loop iteration is carried out in R language; when the number of random features is 4, the out-of-pocket error reaches the minimum. In addition, when the number of classifications is 500, the out-of-pocket error tends to be stable. Hence, the optimal number of random features is set to 4 and the number of decision trees is 500. Finally, the trained RF model is used to obtain the collapse susceptibility, as shown in Figure 6F.
RESULTS AND DISCUSSION
Analysis of Collapse Susceptibility Area
Combined with the natural break point method and the distribution trends of the CSIs in An’yuan County, the collapse susceptibility levels (CSLs) are classified into five categories according to equal intervals: very low [0, 0.2], low (0.2, 0.4], moderate (0.4, 0.6], high (0.6, 0.8], and very high (0.8, 1]. Additionally, the CSP accuracy is tested by the collapse point density. The collapse point density of the RF model is 16.87 in the very high CSL, while the collapse point densities of all the other five models are distributed between 4 and 8 (Table 2). Next, the CSL distributions are analyzed as follows:
1) High and very high CSLs are located in the central and northern parts of this county, where the terrain is mainly mountainous and hilly, the river network is dense, erosion of the slope mass by rivers is serious, and engineering activities are intense. The area with very high CSL accounts for about 4% of the total area of this county with a total number of 981 collapse grids. The area with high CSL accounts for approximately 9% of the whole study area with a total of 316 grid units.
2) The area with moderate CSL is located in the low-mountainous and low-altitude areas, with moderate slope and topographic relief, moderate intensity human engineering activities, and distances to the rivers ranging between 300 and 600 m. In this area, the geological conditions are relatively good, and the geological disasters are scattered and distributed. In general, this area accounts for approximately 16% of the total study area with a total number of 122 collapse grid units (Table 2).
3) The areas with low and very low CSLs are mainly located in the southeastern part and the western plains of this county, with gentle slopes, small topographic relief, and intrusive magmatic rocks. In this area, the engineering activities are relatively weak, the distances to rivers are relatively large, and the geological environment conditions are relatively good. As a result, the distribution of collapse disasters is very sparse, with the density of collapse points being less than 0.1 (Table 2).
TABLE 2 | Prediction effects of each model’s susceptibility interval.
[image: Table 2]Analysis of the Importance of the Environmental Factors
The importance of environmental factor reflects the contribution of each environmental factor to the collapse susceptibility (Li Y et al., 2020). Due to the uncertainties in machine learning modeling, the importance of collapse-related environmental factors in various machine learning models is different (Figure 7A). This study intends to propose the “weighted mean method” to calculate the importance of each factor based on all the six machine learning models (Tien Bui et al., 2015).
[image: Figure 7]FIGURE 7 | Importance of environmental factors. (A) Relative importance of environmental factors in different models. (B) Average importance of environmental factors under different models.
First, the model AUC value is divided by the sum of AUC values in all models, and the calculated ratio value is regarded as the model weight. Second, the model weight is multiplied by the standardized importance of each environmental factor. Third, the multiplied results in the second process are added together to obtain the final importance of each environmental factor. The final importance weights calculated by the “weighted mean method” is shown in Figure 7B, suggesting that among the 11 environmental factors used in this study, the slope (0.25), lithology (0.14), DEM (0.11), and distance to river (0.09) are of higher importance in turn than other factors, while the profile curvature, topographic relief, and MNDWI have the least importance among the six models.
Among them, the mean importance of the slope is the greatest, and collapse tends to occur on slopes greater than 24°. The greater the slope, the more conducive it is to collapse susceptibility. The second important factor is the lithology, the probability of collapse is as high as 43.88% under the conditions of metamorphic rocks, and the probability of collapse of clastic rocks is 33.56%. Following the lithology is the DEM; the collapses mainly occur in the range of 180–368 m, in which the intensity of human engineering activities is relatively high. Although the importance of environmental factors obtained by different models varies in specific values, the weights of environmental factors calculated by the weighted mean method are consistent with different models as a whole.
Validation and Comparison of Model Accuracy
AUC and ACC are both used to evaluate the performance of each machine learning in this county, and the evaluation results are visual and objective. Figure 8 shows that the RF has the highest CSP performance among these machine learning models, with an AUC value of 93.1% and a standard error of 0.005. The CSP performance of CHAID, with an AUC value of 86.2%, is better than those of the other four models, SVM (84.4%), MLP (83.8%), RBF (82.8%), and LR model (82.4%). The comparison results show that the nonlinear relationships between collapse and environmental factors can be more accurately constructed by the RF than the other machine learning.
[image: Figure 8]FIGURE 8 | Prediction rates of each model performance. (A) AUC values of all models. (B) ACC performance of all models.
According to the ACC prediction accuracies shown in Table 3, the RF model also has the best prediction accuracy, with an ACC value of 85.9%, while those of the other five models are all less than 80%. In general, the accuracy evaluation results of the models based on AUC and ACC are consistent, reflecting the real prediction effect of each machine learning model (Figure 8). Moreover, the literature also shows that RF is an excellent model with good practicability available for landslide and flood disaster susceptibility prediction studies (Trigila et al., 2015; Chen et al., 2018). This is because RF algorithm offers robust performance for accurate CSP with only a small number of adjustments required before training the model.
TABLE 3 | ACC performance of all models.
[image: Table 3]Statistical Characteristic Analysis of Collapse Susceptibility Indexes
In the modeling processes of CSP, there are many uncertainties in the selection of environmental factors, correlation analysis between collapse and environmental factors, and different machine learning models for predicting CSIs. In this study, the feasible environmental factor selection scheme and the correlation analysis method are determined by means of a literature review. On these bases, this article focuses on the uncertainty characteristics of different types of machine learning modeling for CSP. The mean value and standard deviation are used to analyze the distribution rules of the predicted CSIs; additionally, the Kendall synergy coefficient method is used to analyze the differences in the distribution trends of the CSIs in various machine learning models at the significance level of 0.05. Finally, the machine learning model with the highest prediction performance and lowest uncertainty is obtained through the comparative analysis.
The Mean and Standard Deviation of the Collapse Susceptibility Indexes
The distribution characteristics of the CSIs predicted by the machine learning models are analyzed from the perspectives of the mean values and standard deviations. According to Figure 9, the mean values of the CSIs of LR, RBF, MLP, SVM, CHAID, and RF are 0.350, 0.345, 0.335, 0.327, 0.321, and 0.272, respectively. These mean values vary between 0.27 and 0.35 and show a gradually decreasing trend from the LR to RF models. In particular, the RF model predicts an average susceptibility index of less than 0.3. The comparison results show that the CSIs of all the machine learning predictors are mainly distributed in the very low and low CSLs, and the number of grid units in the other CSLs decreases gradually. These distribution rules are consistent with the actual collapse probability distribution in An’yuan County because the actual number of collapses in An’yuan County is small and most of the study area is not prone to collapse.
[image: Figure 9]FIGURE 9 | Collapse susceptibility indexes distributions of different models: (A) LR model, (B) RBF, (C) MLP, (D) SVM, (E) CHAID, and (F) RF models.
In addition, the standard deviations of the CSIs predicted by all six machine learning models are calculated as LR 0.234, RBF 0.239, MLP 0.246, SVM 0.254, CHAID 0.276, and RF 0.256. The results show that the RF, CHAID, and SVM have greater standard deviations than the other models. A greater standard deviation value means a stronger dispersion of the CSIs, which also means higher recognizability of the collapse probability of different grid cells. Based on the comparisons of the mean values and standard deviations of all the machine learning models, the RF model has the lowest mean value and largest standard deviation, followed by the CHAID, SVM, MLP, RBF, and LR models. Combined with the prediction accuracy of the AUC and ACC of various machine learning models, this suggests that the RF model predicts the collapse susceptibility with the lowest uncertainty, followed by CHAID and SVM models, while the LR model has the highest uncertainty.
Significance Difference Analysis of Collapse Susceptibility Indexes
The Kendall synergy coefficient test is used to evaluate the significant differences between the CSIs predicted by the different machine learning models at the significance level of 5%. The results show that all the p values between the CSIs predicted by the six models are less than 0.05, with a [image: image]value of 0.062 for Kendall. These p values suggest that there are significant differences between the predicted CSIs of the six machine learning models, and the null hypothesis is rejected. The mean rank values of the LR, RBF, MLP, SVM, CHAID, and RF are 4.06, 3.81, 3.64, 3.48, 3.29, and 2.72, respectively, which are consistent with the prediction performance of these models; the better the prediction performance of the model is, the smaller the mean rank is. For example, the mean rank value of the RF model (2.72) is the best, while that of the LR model (4.06) is relatively poor.
Collapse Susceptibility Prediction of Huichang County for Comparisons
The machine learning models are also undertaking an extensive analysis and comparison using a case study of Huichang County, with 70 collapses (762 grid units) and 11 related environmental factors. In this example, LR, RBF, MLP, SVM, CHAID, and RF models are also used to address the CSP. It can be seen from Figures 10, 11 that RF model achieves excellent results compared to other machine learning models. Furthermore, the uncertainty rule of this example is consistent with those shown in the CSP results of An’yuan County. In detail, the CSP modeling parameters of Huichang County are described as follows.
[image: Figure 10]FIGURE 10 | Collapse susceptibility graph using machine learning models in Huichang county: (A) LR, (B) RBF, (C) MLP, (D) SVM, (E) CHAID, (F) RF models.
[image: Figure 11]FIGURE 11 | AUC values of all machine learning models for CSP in Huichang County.
For the LR model, the absolute values of correlation coefficients of 11 environmental factors are all less than 0.30, and the significances of all input variables are less than 0.05; the values of [image: image] are positive; here, the coefficients of elevation, slope, distance to rivers, TWI, NDVI, and MNDWI are 1.341, 1.262, 1.643, 1.412, 1.463, and 1.432, respectively. During RBF model learning, the number of neurons in the hidden layer is set as 15, and the activation function is the normalized radial basis function. For the MLP model, its learning rate, momentum, and iteration time are set as 0.01, 0.3, and 2,000, respectively. The number of hidden layers is set as 2, and the activation function is set as the Softmax function. All these three models are built in SPSS 24 software.
For the SVM model, the RBF is widely used as its kernel function in CSP modeling. During the modeling process of SVM, the regular parameter (C), regression accuracy ([image: image]), and kernel parameter ([image: image]) are set as 5, 0.1, and 0.3, respectively. For the CHAID model, its LSP accuracy is estimated by the boosting method, which employs the cross-validation method to boost the accuracy. The rest parameters are the default values, so as to avoid the over-fitting of this model. The SVM and CHAID models for CSP are completed in SPSS Modeler 23. In addition, for the modeling of RF, R language cycle iteration is used to calculate the out-of-pocket errors of different random forests, the optimal number of random features is set to 3, and the number of decision trees is 500.
Future Research Plan
There are many other machine learning models that are not covered in this study or used for comparative analysis (He et al., 2019; Dou et al., 2020). Here, machine learning models adopted in this study are representative to some extent from the current literature, the earliest machine learning (LR, RBF, and MLP methods) and highly popular algorithms such as SVM, CHAID, and RF models (Merghadi et al., 2020). Other machine learning such as deep learning are also worth exploring. Next, the optimal spatial resolutions of collapse inventory and related environmental factors should be determined through some comparative researches of the CSP accuracies at various spatial resolutions. Moreover, more types of collapse-related environmental factors need to be acquired and introduced into the machine learning models, and the optimal combination of environmental factors should be considered. Anyway, various uncertainties characteristics of CSP modeling should be explored in the future research studies.
CONCLUSION
Based on the collapse inventory and related environmental factors, six machine learning models, namely, the LR, RBF, MLP, SVM, CHAID, and RF, are used to predict the collapse susceptibility in An’yuan County and Huichang County, China. Results show that all of these machine learning models are applicable to the prediction of collapse susceptibility, and their prediction results are consistent overall. The prediction performance of the RF model is 6–10% greater than that of the other five machine learning models.
The contributions of this study can be mainly reflected as follows: 1) Compared with other machine learning models, the RF model has higher CSP accuracy; 2) comparison of the uncertainties of the above models in CSP shows that the RF model has lower uncertainties, followed by the CHAID, SVM, MLP, RBF and LR models; 3) among the above 11 collapse-related environmental factors, the slope has the most important influence on the CSP, followed by the lithology, elevation, and other factors; and 4) the collapses in An’yuan County are concentrated in the areas with very high and high CSLs, specifically for slopes of 24°–60°, elevations of 188–368 m, and a relatively brittle lithology.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
WL was the project manager and wrote the first draft. FH provided Funding acquisition & Supervision. YS prepared the training and test sets and preprocessed Landsat-8 data for CSMs. HH and GS wrote review.
FUNDING
This research was funded by the National Natural Science Foundation of China (No.41807285), the Natural Science Foundation of Jiangxi Province, China (No. 20192BAB216034), the China Postdoctoral Science Foundation (Nos. 2019M652287 and 2020T130274), and the Jiangxi Provincial Postdoctoral Science Foundation (No. 2019KY08).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Althuwaynee, O. F., Pradhan, B., Park, H.-J., and Lee, J. H. (2014). A Novel Ensemble Decision Tree-Based Chi-Squared Automatic Interaction Detection (Chaid) and Multivariate Logistic Regression Models in Landslide Susceptibility Mapping. Landslides 11 (6), 1063–1078. doi:10.1007/s10346-014-0466-0
 Berhane, G., Kebede, M., and Alfarrah, N. (2021). Landslide Susceptibility Mapping and Rock Slope Stability Assessment Using Frequency Ratio and Kinematic Analysis in the Mountains of Mgulat Area, Northern ethiopia. Bull. Eng. Geol. Environ. 80 (1), 285–301. doi:10.1007/s10064-020-01905-9
 Bragagnolo, L., da Silva, R. V., and Grzybowski, J. M. V. (2020). Landslide Susceptibility Mapping with r.Landslide: A Free Open-Source GIS-Integrated Tool Based on Artificial Neural Networks. Environ. Model. Softw. 123, 104565. doi:10.1016/j.envsoft.2019.104565
 Bui, D. T., Tsangaratos, P., Nguyen, V.-T., Liem, N. V., and Trinh, P. T. (2020). Comparing the Prediction Performance of a Deep Learning Neural Network Model with Conventional Machine Learning Models in Landslide Susceptibility Assessment. Catena 188, 104426. doi:10.1016/j.catena.2019.104426
 Cantarino, I., Carrion, M. A., Goerlich, F., and Martinez Ibañez, V. (2019). A Roc Analysis-Based Classification Method for Landslide Susceptibility Maps. Landslides 16 (2), 265–282. doi:10.1007/s10346-018-1063-4
 Chang, Z., Du, Z., Zhang, F., Huang, F., Chen, J., Li, W., et al. (2020). Landslide Susceptibility Prediction Based on Remote Sensing Images and Gis: Comparisons of Supervised and Unsupervised Machine Learning Models. Remote. Sens. 12 (3), 502. doi:10.3390/rs12030502
 Chen, T., Niu, R., and Jia, X. (2016). A Comparison of Information Value and Logistic Regression Models in Landslide Susceptibility Mapping by Using Gis. Environ. Earth Sci. 75 (10), 867. doi:10.1007/s12665-016-5317-y
 Chen, W., Xie, X., Peng, J., Shahabi, H., Hong, H., Bui, D. T., et al. (2018). Gis-based Landslide Susceptibility Evaluation Using a Novel Hybrid Integration Approach of Bivariate Statistical Based Random forest Method. Catena 164, 135–149. doi:10.1016/j.catena.2018.01.012
 Chen, W., Xie, X., Wang, J., Pradhan, B., Hong, H., Bui, D. T., et al. (2017). A Comparative Study of Logistic Model Tree, Random forest, and Classification and Regression Tree Models for Spatial Prediction of Landslide Susceptibility. Catena 151, 147–160. doi:10.1016/j.catena.2016.11.032
 Chen, X., and Chen, W. (2021). Gis-based Landslide Susceptibility Assessment Using Optimized Hybrid Machine Learning Methods. Catena 196, 104833. doi:10.1016/j.catena.2020.104833
 Costache, R. (2019). Flood Susceptibility Assessment by Using Bivariate Statistics and Machine Learning Models - A Useful Tool for Flood Risk Management. Water Resour. Manage. 33 (9), 3239–3256. doi:10.1007/s11269-019-02301-z
 Cui, Y., Deng, J., Hu, W., Xu, C., Ge, H., Wei, J., et al. (2021). 36cl Exposure Dating of the Mahu Giant Landslide (Sichuan Province, china). Eng. Geology 285, 106039. doi:10.1016/j.enggeo.2021.106039
 Dou, J., Yunus, A. P., Bui, D. T., Merghadi, A., Sahana, M., Zhu, Z., et al. (2020). Improved Landslide Assessment Using Support Vector Machine with Bagging, Boosting, and Stacking Ensemble Machine Learning Framework in a Mountainous Watershed, japan. Landslides 17 (3), 641–658. doi:10.1007/s10346-019-01286-5
 Emami, S. N., Yousefi, S., Pourghasemi, H. R., Tavangar, S., and Santosh, M. (2020). A Comparative Study on Machine Learning Modeling for Mass Movement Susceptibility Mapping (A Case Study of iran). Bull. Eng. Geol. Environ. 79 (10), 5291–5308. doi:10.1007/s10064-020-01915-7
 Erener, A., Mutlu, A., and Sebnem Düzgün, H. (2016). A Comparative Study for Landslide Susceptibility Mapping Using Gis-Based Multi-Criteria Decision Analysis (Mcda), Logistic Regression (Lr) and Association Rule Mining (Arm). Eng. Geology 203, 45–55. doi:10.1016/j.enggeo.2015.09.007
 Feizizadeh, B., Jankowski, P., and Blaschke, T. (2014). A Gis Based Spatially-Explicit Sensitivity and Uncertainty Analysis Approach for Multi-Criteria Decision Analysis. Comput. Geosciences. 64, 81–95. doi:10.1016/j.cageo.2013.11.009
 Feng, J., and Gong, Z. (2020). Integrated Linguistic Entropy Weight Method and Multi-Objective Programming Model for Supplier Selection and Order Allocation in a Circular Economy: A Case Study. J. Clean. Prod. 277, 122597. doi:10.1016/j.jclepro.2020.122597
 García-Ruiz, J. M., Beguería, S., Alatorre, L. C., and Puigdefábregas, J. (2010). Land Cover Changes and Shallow Landsliding in the Flysch Sector of the Spanish Pyrenees. Geomorphology 124 (3-4), 250–259. doi:10.1016/j.geomorph.2010.03.036
 Godt, J., Baum, R., Savage, W., Salciarini, D., Schulz, W. H., and Harp, E. L. (2008). Transient Deterministic Shallow Landslide Modeling: Requirements for Susceptibility and hazard Assessments in a Gis Framework. Eng. Geology 102 (3-4), 214–226. doi:10.1016/j.enggeo.2008.03.019
 Guo, Z., Shi, Y., Huang, F., Fan, X., and Huang, J. (2021). Landslide Susceptibility Zonation Method Based on c5.0 Decision Tree and K-Means Cluster Algorithms to Improve the Efficiency of Risk Management. Geosci. Front. 12 (6), 101249. doi:10.1016/j.gsf.2021.101249
 Gutiérrez, L. F. S., Flores, J. C. M., and Carvajal, H. E. M. (2021). Susceptibility Factors of Drainage Basins to Shallow Landslides in Coffee-Growing Areas in the Department of Caldas, colombia. Environ. Earth Sci. 80 (4), 1–12. 
 He, Q., Shahabi, H., Shirzadi, A., Li, S., Chen, W., Wang, N., et al. (2019). Landslide Spatial Modelling Using Novel Bivariate Statistical Based Naïve Bayes, RBF Classifier, and RBF Network Machine Learning Algorithms. Sci. total Environ. 663, 1–15. doi:10.1016/j.scitotenv.2019.01.329 
 Hodasová, K., and Bednarik, M. (2021). Effect of Using Various Weighting Methods in a Process of Landslide Susceptibility Assessment. Nat. Hazards. 105 (1), 481–499. doi:10.1007/s11069-020-04320-1
 Hong, H., Chen, W., Xu, C., Youssef, A. M., Pradhan, B., and Bui, D. T. (2017). Rainfall-induced Landslide Susceptibility Assessment at the Chongren Area (china) Using Frequency Ratio, Certainty Factor, and index of Entropy. Geocarto Int. 32 (2), 139–154. doi:10.1080/10106049.2015.1130086
 Huang, D., Li, Y. Q., Song, Y. X., Ma, W. Z., and Ma, G. W. (2020). Ejection Landslides Triggered by the 2008 Wenchuan Earthquake and Movement Modelling Using Aerodynamic Theory and Artificial Disintegration Collision Technique. Environ. Earth Sci. 79, 1–23. doi:10.1007/s12665-020-09021-3
 Huang, F., Cao, Z., Guo, J., Jiang, S.-H., Li, S., and Guo, Z. (2020a). Comparisons of Heuristic, General Statistical and Machine Learning Models for Landslide Susceptibility Prediction and Mapping. CATENA 191, 104580. doi:10.1016/j.catena.2020.104580
 Huang, F., Cao, Z., Jiang, S.-H., Zhou, C., Huang, J., and Guo, Z. (2020b). Landslide Susceptibility Prediction Based on a Semi-supervised Multiple-Layer Perceptron Model. Landslides 17 (12), 2919–2930. doi:10.1007/s10346-020-01473-9
 Huang, F., Chen, J., Yao, C., Chang, Z., Jiang, Q., Li, S., et al. (2020c). Susle: A Slope and Seasonal Rainfall-Based Rusle Model for Regional Quantitative Prediction of Soil Erosion. Bull. Eng. Geol. Environ. 79 (10), 5213–5228. doi:10.1007/s10064-020-01886-9
 Huang, F., Ye, Z., Jiang, S.-H., Huang, J., Chang, Z., and Chen, J. (2021). Uncertainty Study of Landslide Susceptibility Prediction Considering the Different Attribute Interval Numbers of Environmental Factors and Different Data-Based Models. CATENA 202, 105250. doi:10.1016/j.catena.2021.105250
 Huang, F., Zhang, J., Zhou, C., Wang, Y., Huang, J., and Zhu, L. (2020d). A Deep Learning Algorithm Using a Fully Connected Sparse Autoencoder Neural Network for Landslide Susceptibility Prediction. Landslides 17 (1), 217–229. doi:10.1007/s10346-019-01274-9
 Huang, Y., and Zhao, L. (2018). Review on Landslide Susceptibility Mapping Using Support Vector Machines. Catena 165, 520–529. doi:10.1016/j.catena.2018.03.003
 Kadavi, P. R., Lee, C-W., and Lee, S. (2019). Landslide-susceptibility Mapping in gangwon-Do, south korea, Using Logistic Regression and Decision Tree Models. Environ. earth Sci. 78 (4), 116. doi:10.1007/s12665-019-8119-1
 Khosravi, K., Shahabi, H., Pham, B. T., Adamowski, J., Shirzadi, A., Pradhan, B., et al. (2019). A Comparative Assessment of Flood Susceptibility Modeling Using Multi-Criteria Decision-Making Analysis and Machine Learning Methods. J. Hydrol. 573, 311–323. doi:10.1016/j.jhydrol.2019.03.073
 Li, L., Lan, H., Guo, C., Zhang, Y., Li, Q., and Wu, Y. (2017). A Modified Frequency Ratio Method for Landslide Susceptibility Assessment. Landslides 14 (2), 727–741. doi:10.1007/s10346-016-0771-x
 Li, W., Fan, X., Huang, F., Chen, W., Hong, H., Huang, J., et al. (2020). Uncertainties Analysis of Collapse Susceptibility Prediction Based on Remote Sensing and Gis: Influences of Different Data-Based Models and Connections between Collapses and Environmental Factors. Remote Sens. 12 (24), 4134. Available at: https://www.mdpi.com/2072-4292/12/24/4134. doi:10.3390/rs12244134
 Li, Y., Sheng, Y., Chai, B., Zhang, W., Zhang, T., and Wang, J. (2020). Collapse Susceptibility Assessment Using a Support Vector Machine Compared with Back-Propagation and Radial Basis Function Neural Networks. Geomatics, Nat. Hazards Risk. 11 (1), 510–534. doi:10.1080/19475705.2020.1734101
 Liu, L.-L., Cheng, Y.-M., Pan, Q.-J., and Dias, D. (2020). Incorporating Stratigraphic Boundary Uncertainty into Reliability Analysis of Slopes in Spatially Variable Soils Using One-Dimensional Conditional Markov Chain Model. Comput. Geotechnics. 118, 103321. doi:10.1016/j.compgeo.2019.103321
 Mahmoud, S. H., and Gan, T. Y. (2018). Multi-criteria Approach to Develop Flood Susceptibility Maps in Arid Regions of Middle East. J. Clean. Prod. 196, 216–229. doi:10.1016/j.jclepro.2018.06.047
 Martínez-Moreno, F. J., Galindo-Zaldívar, J., González-Castillo, L., and Azañón, J. M. (2016). Collapse Susceptibility Map in Abandoned Mining Areas by Microgravity Survey: A Case Study in Candado hill (Málaga, Southern Spain). J. Appl. Geophys. 130, 101–109. doi:10.1016/j.jappgeo.2016.04.017
 Merghadi, A., Yunus, A. P., Dou, J., Whiteley, J., ThaiPham, B., and Avtar, R. (2020). Machine Learning Methods for Landslide Susceptibility Studies: A Comparative Overview of Algorithm Performance. Earth-Science Rev. 207, 103225. doi:10.1016/j.earscirev.2020.103225
 Park, S.-J., Lee, C.-W., Lee, S., and Lee, M.-J. (2018). Landslide Susceptibility Mapping and Comparison Using Decision Tree Models: A Case Study of Jumunjin Area, Korea. Remote Sens. 10 (10), 1545. Available at: https://www.mdpi.com/2072-4292/10/10/1545. doi:10.3390/rs10101545
 Pham, B. T., Pradhan, B., Tien Bui, D., Prakash, I., and Dholakia, M. B. (2016). A Comparative Study of Different Machine Learning Methods for Landslide Susceptibility Assessment: A Case Study of Uttarakhand Area (india). Environ. Model. Softw. 84, 240–250. doi:10.1016/j.envsoft.2016.07.005
 Pham, B. T., Shirzadi, A., Tien Bui, D., Prakash, I., and Dholakia, M. B. (2018). A Hybrid Machine Learning Ensemble Approach Based on a Radial Basis Function Neural Network and Rotation forest for Landslide Susceptibility Modeling: A Case Study in the Himalayan Area, india. Int. J. Sediment Res. 33 (2), 157–170. doi:10.1016/j.ijsrc.2017.09.008
 Rahmati, O., Yousefi, S., Kalantari, Z., Uuemaa, E., Teimurian, T., Keesstra, S., et al. (2019). Multi-hazard Exposure Mapping Using Machine Learning Techniques: A Case Study from iran. Remote Sens. 11 (16), 1943. doi:10.3390/rs11161943
 Romali, N. S., and Yusop, Z. (2021). Flood Damage and Risk Assessment for Urban Area in malaysia. Hydrol. Res. 52 (1), 142–159. doi:10.2166/nh.2020.121
 Roy, P., Chandra Pal, S., Chakrabortty, R., Chowdhuri, I., Malik, S., and Das, B. (2020). Threats of Climate and Land Use Change on Future Flood Susceptibility. J. Clean. Prod. 272, 122757. doi:10.1016/j.jclepro.2020.122757
 Santo, A., Budetta, P., Forte, G., Marino, E., and Pignalosa, A. (2017). Karst Collapse Susceptibility Assessment: A Case Study on the Amalfi Coast (Southern italy). Geomorphology 285, 247–259. doi:10.1016/j.geomorph.2017.02.012
 Shirzadi, A., Shahabi, H., Chapi, K., Bui, D. T., Pham, B. T., Shahedi, K., et al. (2017). A Comparative Study between Popular Statistical and Machine Learning Methods for Simulating Volume of Landslides. Catena 157, 213–226. doi:10.1016/j.catena.2017.05.016
 Sun, D., Xu, J., Wen, H., and Wang, D. (2021). Assessment of Landslide Susceptibility Mapping Based on Bayesian Hyperparameter Optimization: A Comparison between Logistic Regression and Random forest. Eng. Geology 281, 105972. doi:10.1016/j.enggeo.2020.105972
 Sun, Q., Tang, Z., and Yuanyao, L. (2017). Susceptibility Assessment of Rock Collapse Hazards in Longjuba Area Based on Dummy Variables Analysis. Hydrogeol. Eng. Geol. 44, 127–135. 
 Tang, R-X., Kulatilake, P. H., Yan, E-C., and Cai, J. S. (2020). Evaluating Landslide Susceptibility Based on Cluster Analysis, Probabilistic Methods, and Artificial Neural Networks. Bull. Eng. Geology. Environ. 79 (5), 2235–2254. doi:10.1007/s10064-019-01684-y
 Tang, Y., Feng, F., Guo, Z., Feng, W., Li, Z., Wang, J., et al. (2020). Integrating Principal Component Analysis with Statistically-Based Models for Analysis of Causal Factors and Landslide Susceptibility Mapping: A Comparative Study from the Loess Plateau Area in Shanxi (china). J. Clean. Prod. 277, 124159. doi:10.1016/j.jclepro.2020.124159
 Tien Bui, D., Tuan, T. A., Klempe, H., Pradhan, B., and Revhaug, I. (2015). Spatial Prediction Models for Shallow Landslide Hazards: A Comparative Assessment of the Efficacy of Support Vector Machines, Artificial Neural Networks, Kernel Logistic Regression, and Logistic Model Tree. Landslides 13 (2), 361–378. doi:10.1007/s10346-015-0557-6
 Trigila, A., Iadanza, C., Esposito, C., and Scarascia-Mugnozza, G. (2015). Comparison of Logistic Regression and Random Forests Techniques for Shallow Landslide Susceptibility Assessment in Giampilieri (Ne Sicily, italy). Geomorphology 249, 119–136. doi:10.1016/j.geomorph.2015.06.001
 Wang, H., Sun, G., and Sui, T. (2021). Landslide Mechanism of Waste Rock Dump on a Soft Gently Dipping Foundation: A Case Study in china. Environ. Earth Sci. 80 (5), 1–10. doi:10.1007/s12665-021-09407-x
 Wang, L.-J., Guo, M., Sawada, K., Lin, J., and Zhang, J. (2016). A Comparative Study of Landslide Susceptibility Maps Using Logistic Regression, Frequency Ratio, Decision Tree, Weights of Evidence and Artificial Neural Network. Geosci. J. 20 (1), 117–136. doi:10.1007/s12303-015-0026-1
 Wang, X., Frattini, P., Crosta, G. B., Zhang, L., Agliardi, F., Lari, S., et al. (2014). Uncertainty Assessment in Quantitative rockfall Risk Assessment. Landslides 11 (4), 711–722. doi:10.1007/s10346-013-0447-8
 Xia, P., Hu, X., Wu, S., Ying, C., and Liu, C. (2020). Slope Stability Analysis Based on Group Decision Theory and Fuzzy Comprehensive Evaluation. J. Earth Sci. 31 (6), 1121–1132. doi:10.1007/s12583-020-1101-8
 Yang, Y., Sun, G., Zheng, H., and Yan, C. (2020a). An Improved Numerical Manifold Method with Multiple Layers of Mathematical Cover Systems for the Stability Analysis of Soil-Rock-Mixture Slopes. Eng. Geology 264, 105373. doi:10.1016/j.enggeo.2019.105373
 Yang, Y., Wu, W., and Zheng, H. (2020b). Searching for Critical Slip Surfaces of Slopes Using Stress fields by Numerical Manifold Method. J. Rock Mech. Geotechnical Eng. 12 (6), 1313–1325. doi:10.1016/j.jrmge.2020.03.006
 Yang, Y., Wu, W., and Zheng, H. (2021). Stability Analysis of Slopes Using the Vector Sum Numerical Manifold Method. Bull. Eng. Geol. Environ. 80 (1), 345–352. doi:10.1007/s10064-020-01903-x
 Yang, Y., Xu, D., Liu, F., and Zheng, H. (2020c). Modeling the Entire Progressive Failure Process of Rock Slopes Using a Strength-Based Criterion. Comput. Geotechnics. 126 (13), 103726. doi:10.1016/j.compgeo.2020.103726
 Yilmaz, I., Marschalko, M., and Bednarik, M. (2013). An Assessment on the Use of Bivariate, Multivariate and Soft Computing Techniques for Collapse Susceptibility in Gis Environ. J. Earth Syst. Sci. 122 (2), 371–388. doi:10.1007/s12040-013-0281-3
 Zhang, J., Tang, H., Tannant, D. D., Lin, C., Xia, D., Liu, X., et al. (2021). Combined Forecasting Model with Ceemd-Lcss Reconstruction and the Abc-Svr Method for Landslide Displacement Prediction. J. Clean. Prod. 293, 126205. doi:10.1016/j.jclepro.2021.126205
 Zhang, Y.-x., Lan, H.-x., Li, L.-p., Wu, Y.-m., Chen, J.-h., and Tian, N.-m. (2020). Optimizing the Frequency Ratio Method for Landslide Susceptibility Assessment: A Case Study of the Caiyuan basin in the Southeast Mountainous Area of china. J. Mt. Sci. 17 (2), 340–357. doi:10.1007/s11629-019-5702-6
 Zheng, Y., Chen, C., Liu, T., and Ren, Z. (2021). A New Method of Assessing the Stability of Anti-dip Bedding Rock Slopes Subjected to Earthquake. Bull. Eng. Geol. Environ. 80 (5), 3693–3710. doi:10.1007/s10064-021-02188-4
 Zheng, Y., Chen, C., Liu, T., Zhang, H., Xia, K., and Liu, F. (2018). Study on the Mechanisms of Flexural Toppling Failure in Anti-inclined Rock Slopes Using Numerical and Limit Equilibrium Models. Eng. Geology 237, 116–128. doi:10.1016/j.enggeo.2018.02.006
 Zhu, L., Huang, L., Fan, L., Huang, J., Huang, F., Chen, J., et al. (2020). Landslide Susceptibility Prediction Modeling Based on Remote Sensing and a Novel Deep Learning Algorithm of a cascade-parallel Recurrent Neural Network. Sensors 20 (6), 1576. Available at: https://www.mdpi.com/1424-8220/20/6/1576. doi:10.3390/s20061576 
 Zhu, L., Wang, G., Huang, F., Li, Y., Chen, W., and Hong, H. (2021). Landslide Susceptibility Prediction Using Sparse Feature Extraction and Machine Learning Models Based on Gis and Remote Sensing. IEEE Geosci. Remote Sensing Lett. , 1–5. doi:10.1109/lgrs.2021.3054029
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Li, Shi, Huang, Hong and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 15 September 2021
doi: 10.3389/feart.2021.744900


[image: image2]
An Enhanced Ubiquitous-Joint Model for a Rock Mass With Conjugate Joints and Its Application on Excavation Simulation of Large Underground Caverns
Xianlun Leng1,2†*, Chuan Wang1,2†, Qian Sheng1,2, Jian Chen1,2 and Hailun Li3
1State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, China
2School of Engineering Science, University of Chinese Academy of Sciences, Beijing, China
3PowerChina Beijing Engineering Corporation Limited, Beijing, China
Edited by:
Zetian Zhang, Sichuan University, China
Reviewed by:
Fei Tan, China University of Geosciences Wuhan, China
Qingyi Mu, Xi’an Jiaotong University, China
* Correspondence: Xianlun Leng, xlleng@whrsm.ac.cn
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Geohazards and Georisks, a section of the journal Frontiers in Earth Science
Received: 21 July 2021
Accepted: 17 August 2021
Published: 15 September 2021
Citation: Leng X, Wang C, Sheng Q, Chen J and Li H (2021) An Enhanced Ubiquitous-Joint Model for a Rock Mass With Conjugate Joints and Its Application on Excavation Simulation of Large Underground Caverns. Front. Earth Sci. 9:744900. doi: 10.3389/feart.2021.744900

A conjugate jointed rock mass (CJRM) is a rock mass with two sets of intersecting joints formed from intact rock under shear. Its mechanical properties and excavation-induced hazards of large underground caverns are different from those of common rock masses because of the unique geological origin thereof. To demonstrate numerically the excavation responses of CJRM, the ubiquitous-joint model is enhanced by consideration of the specific mechanical behaviors of the rock mass. In the enhanced model, CJRM is considered as the composite of columns of rock and two sets of weak planes of joints. The local coordinates, failure modes, and failure sequences of the rock columns and joints are redefined based on the composite characteristics of CJRM, and the failure criteria and plastic potential functions are accordingly modified. The enhanced model is verified numerically by triaxial compression tests and then employed to simulate the excavation of large underground caverns of a pumped storage power station in China. Results show that the modification of the local coordinate system, failure modes, and failure sequences made in the enhanced model is suited to the simulation of the mechanical behaviors of CJRM. Compared with the original ubiquitous-joint model, the enhanced model allows better predictions of the distribution of plastic zones and magnitudes of deformations in simulating underground excavations in CJRM and helps to assess the excavation-triggered hazards more accurately.
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INTRODUCTION
Joints are often found in rock masses around underground caverns and usually occur in one or more sets in different directions, cutting the rock mass into blocky structures (Bandis et al., 1983; Jaeger et al., 2007; Wu et al., 2018). Jointed rock masses can be divided into several categories based on the number of joint sets, such as layered (or bedded) jointed rock masses with only one dominant set of joints, conjugate jointed rock masses (CJRM) with two dominant sets of joints, and other jointed rock masses with three or more sets of joints (Jaeger et al., 2007). Each set of joints affects the mechanical properties of the rock mass (Hoek and Brown, 1997); therefore, suitable descriptions of the constitutive relationships thereof are necessary for numerical stability analysis and hazard assessment of underground excavations (Agharazi et al., 2012; Ding et al., 2019).
Many studies have been conducted to assess the strength and deformation characteristics as well as the excavation responses of jointed rock masses. Theoretical investigations mainly focused on the prediction of the mechanical parameters of jointed rock masses based on superposition theory (Goodman et al., 1968; Jaeger et al., 2007), elasto-plastic damage theory (Chen et al., 2010; Yang et al., 2019), or displacement discontinuity method (Shen et al., 2016; Do and Wu, 2020). In experimental investigations, researchers obtained stress-strain relationships by conducting triaxial compression tests and validated the theoretical predictions through comparative analysis with the experimental results (Nova, 1980; Tien and Kuo, 2001; Singh et al., 2002; Tien et al., 2006; Chen et al., 2012; Chang et al., 2019). Numerical-analysis-based researches investigated the effects of the distribution properties (such as the orientation and spacing) and mechanical parameters of layered joints on the failure mode, plastic zones, and deformation of the surrounding rock masses (Adhikary and Dyskin, 1997; Park and Adachi, 2002; Wang and Huang, 2014; Zhou et al., 2016; Sainsbury and Sainsbury, 2017; Zhou et al., 2019; Yang et al., 2019; Zhou et al., 2021) as well as the internal forces and failure modes of the reinforcements (Hatzor et al., 2015; Gao et al., 2019) of underground caverns. Furthermore, many researchers proposed or modified constitutive models for layered jointed rock masses. For example, Jaeger (1960) proposed a theory based on the action of a single weak plane to predict the strength properties; Nova (1980)(Nova and Zaninetti, 1990) used the traditional Mohr–Coulomb (M–C) strength criterion to analyze the directional failures and this method has been used in the development of the ubiquitous-joint (U-J) model in Flac3D (Itasca Consulting Group, 2011). Other researchers (Adhikary and Dyskin, 1998; Sitharam et al., 2001; Wang and Huang, 2009; Sainsbury and Sainsbury, 2017; Zhou et al., 2017; Das et al., 2019) further improved the constitutive equations of U-J model based on equivalent continuum methods.
These studies indicate that layered jointed rock masses have significant anisotropy of strength and deformation, are prone to shear and tensile failures on the weak planes of joints, and are prone to bending, shear, and tensile failures of the intact rock layers (Chen et al., 2012; Shen et al., 2016; Chang et al., 2019; Do and Wu, 2020). In addition, other investigations have proved that many engineering failure events triggered by underground excavation occur in such jointed rock masses (Chen et al., 2013; Ding et al., 2019; Do and Wu, 2020), and with increasing complexity of the joint sets, the excavation-induced disaster is usually greater (Jiang et al., 2014; Hatzor et al., 2015; Zhao et al., 2020). However, although the mechanical behaviors of layered jointed rock masses have been widely studied, little attention has been paid to CJRM which has more complexity of joint sets and few corresponding engineering case studies have been reported.
CJRM is usually shaped into rock columns (intact columnar rocks) by conjugate joints. Geological research indicates that the conjugate joints are formed when two sets of in situ shear stress act, and since the direction of shear stress does not change significantly within a local area, the joints in the same set are roughly parallel (Deng et al., 2009; Ning et al., 2009; Wang et al., 2020). Besides, there are no weak interlayers in the joints due to the shear stress-induced formation process thereof, so conjugated joints can be regarded as two sets of parallel weak planes instead of weak interlayers. Thus, CJRM can be considered as the composite of columns of rock and two sets of weak planes of joints (Nova and Zaninetti, 1990; Wang and Huang, 2014).
The rock columns and weak planes of joints have different failure modes in the surrounding rock masses during underground excavations (Jia and Tang, 2008; Wang et al., 2014). Chinese researchers (Jiang et al., 2014; Fan et al., 2017; Li et al., 2018; Jiang et al., 2019; Zhao et al., 2020) investigated the excavation-induced failure of the columnar jointed basalt of Baihetan hydropower station and ascertained the effects of joints on the spatially inhomogeneous distribution of damage zones, but the failure modes of the rock columns and joints are scarcely understood. Wang and Huang (2009; 2014) extended U-J model to include the failure mode and deformation performance for blocky rock masses with multiple sets of joints; however, their model did not consider the specific mechanical behaviors of the two sets of joints and the rock columns of CJRM, such as the bending failure of the rock columns and the effect of the angle between the two sets of joints.
This study improves U-J model for such specific mechanical behaviors of CJRM and uses the enhanced model to analyze the stability of underground caverns during excavation. In the enhanced model, the local coordinate system is redefined and the related failure modes, failure sequences, failure criteria, and plastic potential functions are accordingly modified on the basis of U-J model in Flac3D. The enhanced model is verified by numerical triaxial compression tests and used to investigate the excavation-induced deformation and plastic zones of the rock mass surrounding the underground caverns of a pumped storage power station in China. By comparing the simulation results arising from use of the enhanced model with those by the similar constitutive models, including the Mohr–Coulomb (M–C) model and U-J model, results show that the enhanced model provides a better prediction of the distribution of plastic zones and magnitudes of deformation when used to simulate underground excavations in CJRM.
PREPARATION FOR THE ENHANCED MODEL
Assumption of the Failure Process
CJRM (Figure 1A) contains two sets of joints (joint sets 1 and 2), which cut the rock mass into columns. The mechanical behaviors of such rock mass are determined by the joints and rock columns (Wang and Huang, 2014; Chang et al., 2019; Do and Wu, 2020). In the enhanced model, the assumed failures of CJRM include three categories: 1) the shear and tensile failures on the weak planes of joints, 2) shear and tensile failures of the rock columns, and 3) bending failure along the rock column axes. In addition, the assumed failure sequences between the weak planes and rock columns are such that 4) the weak planes fail before the rock columns, and 5) the weak plane at the greater distance from the stress state point to the corresponding strength envelope fails first if both weak planes fail in the same iteration process.
[image: Figure 1]FIGURE 1 | Method for establishing the local coordinate system of CJRM.
The reasons for making such assumptions are as follows: firstly, in the cross-section plane of the rock columns (Figure 1B), the rock mass is blocky so that the strength and deformability are mainly controlled by the joints (Singh et al., 2002; Singh and Rao, 2005). Assumption 1) ensures that material failures in such plane occur only on the weak planes of joints and that plastic deformation in the cross-section plane is mainly controlled by sliding deformation on the weak planes and tensile deformation perpendicular thereto. Secondly, in the axial direction of rock columns, the failures of the rock mass mainly occur in the rock columns. The failure modes include shear and tensile failures of the rock columns and bending failure (Adhikary and Guo, 2002; Neff et al., 2008) along the rock columns, as per assumptions 2) and 3), respectively. Thirdly, studies (Jiang et al., 2006; Hatzor et al., 2015) have shown that jointed rock masses usually fail on the joints first, followed by failure of the intact rocks, so assumption 4) guarantees a reasonable sequence of failure events between joints and rock columns.
Definition of the Local Coordinate System
Similar to the principle of U-J model, the enhanced model is a completely equivalent continuum model (Mühlhaus, 1993; Adhikary and Dyskin, 1998; Sitharam et al., 2001) that the influence of the joints is smeared into the continuum description of the rock mass, so the distributions (such as the spacing and length) of the joints, except the orientation, are not necessarily defined explicitly (Agharazi et al., 2012; Wang and Huang, 2014; Zhou et al., 2021). In the enhanced model, the local coordinate system is redefined based on the orientations of the two sets of joints the better to describe the mechanical properties of CJRM.
One of the rock columns is taken as an example to illustrate the method for establishing the local coordinate system (Figures 1B,C). First, the axial direction of the rock column is defined as the [image: image]-axis; second, the direction perpendicular to [image: image]-axis and in the plane of joint set 1 is defined as the [image: image]-axis, and the direction perpendicular to [image: image]-axis and in the plane of joint set 2 is defined as the [image: image]-axis. Since the orientations of the two joint sets are not necessarily perpendicular, the angle between the [image: image]-axis and [image: image]-axis is between 0 and 180° on the cross-section of the rock column (Figure 1D). The directions of the local coordinates [image: image]-, [image: image]-, and [image: image]-axes are determined as described below.
Vectors [image: image] and [image: image] are defined as direction vectors normal to the weak planes of joint sets 1 and 2, respectively, and vectors [image: image], [image: image], and [image: image] are defined as the positive direction vectors of the local coordinate [image: image]-, [image: image]-, and [image: image]-axes, respectively. Based on the perpendicularity relationships between the five vectors, the directions of the local coordinate axes are given by
[image: image]
where [image: image] and [image: image] are calculated from the dip angles ([image: image] and [image: image]) and dip directions ([image: image] and [image: image]) of joint sets 1 and 2, respectively.
[image: image]
Matrix [image: image] is defined as the rotation tensor between the local and the global coordinate systems, and then the transformation of stress components between the two coordinate systems (Itasca Consulting Group, 2011) is given by
[image: image]
where [image: image] is
[image: image]
Generalized Stress and Strain Components
Weak planes of joints in the enhanced model are ubiquitous in the rock mass based on the theory of the equivalent continuum model (Mühlhaus, 1993; Adhikary and Dyskin, 1998; Sitharam et al., 2001). The stress and strain components at any point in the rock mass can be expressed as shown in Figure 2 without consideration of the spacing and length of the joints in the local coordinate system. On the weak planes of joint set 1, shear stress [image: image] and shear strain [image: image] have the following forms:
[image: image]
[image: Figure 2]FIGURE 2 | Stress (A) and strain (B) components of CJRM in the local coordinate system.
The equivalent forms are readily obtained for joint set 2:
[image: image]
On the cross-sections of the rock columns, the similar forms are
[image: image]
In what follows, the failures of rock mass are detected by the six components of the generalized stress vector: [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] whose components of the corresponding generalized strain vector are [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image].
ENHANCEMENT OF U-J MODEL FOR CONJUGATE JOINTED ROCK MASS
On the basis of U-J model, the enhanced model for CJRM is proposed using the redefined local coordinate system and the generalized stress and strain components. The mechanical behaviors of CJRM, such as the number of joint sets as well as the failure modes and failure sequences of the joints and rock columns, are considered in the enhanced model and then implemented as a plug-in dynamic link library (.DLL) file into the finite difference code FLAC3D using the user-defined constitutive models function.
Description of the Joints
The failure criterion for the weak planes of joints used in the enhanced model is a composite M–C criterion with a tension cut-off expressed in terms of [image: image] and [image: image] (where [image: image]), as illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Failure criterion in M–C constitutive model (Itasca Consulting Group, 2011) and judgment of the failure sequence of joints.
When shear failures occur on the weak planes of joints, the stress states calculated using the initial elastic estimate are located in Domain 2 (Itasca Consulting Group, 2011). The corresponding failure criteria meet the following conditions:
For joint set 1,
[image: image]
For joint set 2,
[image: image]
and
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] are the cohesion, angle of internal friction, and tensile strength of the weak planes of joints, respectively. For weak planes with non-zero internal friction angles, the maximum values of the tensile strengths are given by
[image: image]
The potential functions [image: image] and [image: image] corresponding to a non-associated flow rule have the following forms:
For joint set 1,
[image: image]
For joint set 2,
[image: image]
where [image: image] and [image: image] are the angles of dilation of the weak planes.
When tensile failures occur on the weak planes of joints, the stress states calculated from the elastic estimate are located in Domain 3. The corresponding failure criteria meet the following conditions:
For joint set 1,
[image: image]
For joint set 2,
[image: image]
The potential functions [image: image] and [image: image] corresponding to an associated flow rule have the following forms:
For joint set 1,
[image: image]
For joint set 2,
[image: image]
When no failures occur on the weak planes of joints, the stress states calculated using the elastic estimate are located in Domain 1 and are considered as the final incremental stress without any correction by way of potential functions. The corresponding failure criteria meet the following conditions:
For joint set 1,
[image: image]
For joint set 2,
[image: image]
In addition, it should be noted that both of the weak planes may fail in the same iteration process under a certain stress state in the rock mass. The choice of potential functions for stress correction is determined by the failure sequence and affects the corrected stress state. In the enhanced model, the failure sequence is judged by the distances, [image: image] and [image: image], from stress state points A and B to the corresponding envelopes, [image: image] and [image: image], as illustrated in Figure 3. The greater the distance (either [image: image] or [image: image]), the greater the amount by which the stress calculated by the elastic estimate exceeds the corresponding failure envelope; so, the weak plane with the greater value of [image: image] or [image: image] is more prone to failure than the other and it fails first. The distance functions have the forms:
[image: image]
Description of the Rock Columns
The failure mode of the rock columns involve shear and tensile failures of the columns and bending failure along the columns as assumed (Adhikary and Guo, 2002; Neff et al., 2008). When shear and tensile failures occur, a similar procedure to that used in M–C constitutive model (Itasca Consulting Group, 2011) can be used to calculate the incremental stress and strain. This section mainly discusses the bending failure of the rock columns.
Figure 4 illustrates the bending failure of a rock column in the local coordinate system. When a bending moment acts on the rock column, as shown in Figure 4, the rock column is subjected to compressive stress on the upper side and tensile stress on its lower side. With increasing bending moment, the tensile stress on the lower side increases until it exceeds the tensile strength, resulting in a bending failure on the lower side (Agharazi et al., 2012; Sainsbury and Sainsbury, 2017). However, the tensile stress is difficult to calculate accurately, as joints are smeared into the continuum description of the rock mass by an equivalent continuum method and have no boundaries and thickness (Agharazi et al., 2012; Wang and Huang, 2014; Zhou et al., 2021). Thus, the normal stress on the column cross-section [image: image] is used as an approximate replacement for the tensile stress. The bending failure criterion has the form:
[image: image]
where [image: image] is the bending strength of rock columns. Generally, the bending strength is less than the tensile strength although it has similar forms of failure criterion in the [image: image]-direction. The potential function [image: image] corresponding to an associated flow rule has the form:
[image: image]
[image: Figure 4]FIGURE 4 | Bending failure of a rock column.
VERIFICATION OF THE ENHANCED MODEL
Verification Settings
Numerical triaxial compression tests were conducted to verify the enhanced model. The samples used in the tests were cylinders with a diameter of 1 m and a height of 2 m. The compressive strength, plastic zones, and deformation of the samples were analyzed: contrasting simulations were conducted using the enhanced model and U-J model. The material parameters used in these simulations are listed in Table 1. The confining pressure used in all such simulated tests is 1 MPa.
TABLE 1 | Material parameters for the triaxial compression tests.
[image: Table 1]The difference of the triaxial compression test samples between use of U-J model and the enhanced model mainly lies in the consideration of the number of joint sets and local coordinate system. For the sample simulated using U-J model, only one set of joints is considered at a time (Figure 5A); the three local coordinate axes are mutually orthogonal and meet the right-handed spiral criterion. By contrast, two sets of joints are considered at a time for the sample simulated using the enhanced model (Figure 5B); the included angle of the local coordinate axes [image: image] and [image: image] is determined by the occurrence of joints, which ranges from 90° to 270°, and the coordinate axis [image: image] is perpendicular to the plane formed by axes [image: image] and [image: image].
[image: Figure 5]FIGURE 5 | Schematic diagram of difference in triaxial compression tests between the use of U-J model (A) and the enhanced model (B).
During the numerical simulations, the compression stress and confining pressure acting on the samples are initially 0.1 MPa and gradually increased with an increment of 0.1 MPa. The confining pressure stops increasing when it reaches the target value of 1 MPa and then stays the same. The compression stress keeps increasing until the calculation no longer converges. The total compression stress of the final converged solution is taken as the compressive strength of the samples (Neff et al., 2008; Chang et al., 2019).
Results and Discussion
Strength
Figure 6A shows the compressive strength of the samples simulated using the enhanced model and U-J model, considering different joint sets with varying dip angles. As shown in the figure, there is a significant difference between the compressive strength calculated using the U-J model and that calculated using the enhanced model. When U-J model is used to consider one of the joint sets, the relationship between the triaxial compressive strength and the dip angles of joints is a typically U-shaped curve, where the dip angles are the acute angles between the normal direction of the joints and the axis direction of the samples. The compressive strength is at a minimum when the dip angle of the joints is close to ([image: image]) where [image: image] is the friction angle of the weak planes of joints (Jaeger et al., 2007). However, when the enhanced model is used to consider the two joint sets, the compressive strength is the lower value of those calculated by U-J model, considering one of the two joint sets, and the relationship may no longer be U-shaped curve.
[image: Figure 6]FIGURE 6 | Results of the verification simulation: (A) relations between the triaxial compressive strength and the dip angles of joints; (B–D) failures of the joints; (E,F) horizontal components of the total deformations.
It also can be seen from Figure 6A that the strength of the samples of CJRM in Table 1 is mainly controlled by one of the two sets of joints with dip angles ranging from 30° to 90°. The strength is controlled by joint set S2 when the dip angles range from 30° to 48.5°, by joint set S1 when the dip angles range from 48.5° to 90°, and by both of S1 and S2 when the dip angles are about 48.5°. The strength of CJRM behaves consistently with the theoretical prediction (superposition theory) of multiple sets of joints proposed by Jaeger (Jaeger et al., 2007), which indicates that the enhanced model is implemented correctly and suitable for strength simulation of CJRM.
Plastic Zones
Figures 6B–D show the performance of the enhanced model in terms of the simulation of plastic zones. The samples with dip angles of 35°, 48.5°, and 75°, respectively, are taken to study the failure modes of CJRM based on the behavior in compressive strength. As shown in the figures, the plastic zones mainly occur in the strike direction of joint set S2 (Figure 6B) when the dip angles of the two sets of joints are 35°, in the strike direction of joint set S1 (Figure 6D) when the dip angles are 75°, and in the strike directions of both the joint sets S1 and S2 (Figure 6C) when the dip angles are about 48.5°. This phenomenon shows that with the change of the dip angle of the two sets of joints, the failures of the samples occur on different sets of joints. In general, the failure modes of the samples coincide with the compressive strength, indicating that the enhanced model can reasonably reflect the failure modes of CJRM.
Deformation
The deformations of the samples of CJRM with dip angles of 35°, 48.5°, and 75°, respectively, were calculated using the enhanced model. The horizontal components of the total deformations are presented to illustrate the contribution of joints to the total deformations (Figures 6E–G). As shown in Figure 6E, the horizontal deformation of the sample is at a maximum in the strike direction of joint set S2 when the dip angles of joints are 35°. Similar results can be obtained when the dip angles of joints are 48.5° (Figure 6F) and 75° (Figure 6G), respectively, showing that the deformations of the samples increase in the strike directions of the joints controlling the strength and plastic zone distribution of the samples. Comparing the distribution of plastic zones of the samples, it can be inferred that the increased deformation in the strike direction of the joints is derived from the plastic flows of the plastic zones occurring on the weak planes of joints. In conclusion, the joints in CJRM exert an important influence on the deformation, which is consistent with our previous assumptions.
SIMULATION OF UNDERGROUND EXCAVATION RESPONSES USING THE ENHANCED MODEL
Background of the Engineering Case
The case study involves the underground excavation simulation of a pumped storage power station in China. The underground caverns are located in a medium-coarse-grained granite (Figure 7A). Two conjugate sets of joints, J1 and J2, occur therein (Figure 7B). The axial directions of the powerhouse and transformer chamber are parallel and lie along the north-south direction (Figure 7C). The in situ stresses in the rock mass are such that 1) the horizontal major principal stress [image: image] ranges from 12 to 18 MPa with the east-west direction; 2) the horizontal minor principal stress [image: image] ranges from 7 to 11 MPa with the north-south direction; and 3) the vertical principal stress ranges from 6.6 to 9.3 MPa. The dimensions and excavation sequence of the underground caverns are shown in Figure 7D. The main support measures include 1) mortar anchors with lengths of 6 or 9 m at 1.5 m × 1.5 m grid spacings, 2) prestressed anchor cables with a length of 25 m at 4.5 m × 4.5 m spacings, and 3) steel fibreconcrete liners with a thickness of 150 mm sprayed onto the surface of the cavern walls. The mechanical properties of the rock mass are listed in Table 2 and those of the support structures are listed in Table 3.
[image: Figure 7]FIGURE 7 | Geological conditions (A,B), dimensions (C), and support measures (D) of the underground caverns.
TABLE 2 | Mechanical parameters of the rock mass.
[image: Table 2]TABLE 3 | Parameters of the support structures.
[image: Table 3]The main engineering problems encountered in the underground caverns during the excavation are as follows: 1) with the downward excavation of the powerhouse and transformer chamber, the stress field of the surrounding rock mass evolves, resulting in joint slippage and cracking of the liners (Figure 8A); 2) after the excavation of IV step is finished, the total deformation of the surrounding rock mass with a maximum value of 100 mm is much greater than the designed value of 50–60 mm. The monitored total deformations on some main cross-sections of the powerhouse are shown in Figure 8B. Compared with other underground engineering with similar lithology, in situ stress, size of excavation, and other conditions (Zhu et al., 2008; Zhu et al., 2010), the most prominent geological feature of the present engineering is that the conjugate joints in the rock mass are relatively well-developed. Therefore, it can be inferred that one of the possible factors inducing the aforementioned engineering problems is the strength reduction of the rock mass due to the conjugate joints, making it necessary to use the enhanced model to study the plastic zones and deformation characteristics of the surrounding rock mass.
[image: Figure 8]FIGURE 8 | Cracked liner (A) and monitored deformation (B) of the powerhouse.
Preparation for the Simulation
In the excavation simulation of the underground caverns, the excavation sequence is I through VI, as shown in Figure 7D. The anchors and cables are simulated by cable elements and the liners are simulated by shell elements (Itasca Consulting Group, 2011). The parameter settings of the anchors, cables, and liners are consistent with those listed in Table 3. The enhanced model, as well as M–C model and U-J model used as contrasting models, are each used to calculate the distribution of plastic zones and deformation of the surrounding rock mass. The rock mass properties used in the simulation are those listed in Table 2.
M–C model and U-J model are selected as contrasting models for the enhanced model due to both the similarities and differences between them. The similarities lie in the failure criteria and the potential functions for joints and intact rocks, i.e., they are all derived from M–C yield criterion. The differences lie in the consideration of the numbers of joint sets and the enhancements in the local coordinate system, failure modes, and failure sequences of the enhanced model. In terms of the numbers of joint sets, neither joint set J1 nor J2 can be considered in M–C model, either J1 or J2 can be considered in U-J model, but both J1 and J2 can be considered in the enhanced model. Thus, by comparing the results calculated using the three models, the effects of joints on strength and deformation behaviors of the surrounding rock mass and the responses of the enhanced model in underground excavation simulations can be determined.
Distribution of Plastic Zones
The distributions of plastic zones calculated by the three models are presented in Figure 9: when U-J model is used to simulate either joint set J1 or J2, the distributions of plastic zones are mainly concentrated on the upper left and lower right corners of the powerhouse (when considering J1) or on the lower left and upper right corners (when considering J2). By contrast, when the enhanced model is used to simulate both joint sets J1 and J2, the plastic zones are distributed all around the powerhouse. The notable difference in the distributions of plastic zones indicates that the plastic zones are significantly affected by the joints and it is necessary to fully consider the effects of the two sets of joints in the simulation of excavation-induced failure in CJRM.
[image: Figure 9]FIGURE 9 | Comparison of the plastic zones calculated by the (A) M–C model, (B,C) U-J model, and (D) enhanced model.
The volumes of plastic zones calculated using the enhanced model are significantly larger than those calculated using the U-J model (Figure 9): the difference in the volumes is quantified by comparing the normalized volumes calculated using the three models (Figures 10A,B). Compared with the plastic zone volumes calculated using M–C model considering no joints, those calculated using U-J model considering either joint set J1 or J2 are almost 1.8 times greater, and those calculated using the enhanced model considering both joint sets J1 and J2 are 2.5 times greater (Figure 10A). As the excavation proceeds, the growth rates of plastic zone volumes calculated using each of the three models become significantly different (Figure 10B). From the first excavation step to the final excavation step, the plastic zone volumes increase 1–2.6 times when using M–C model, 1.8–5 times when using U–J model, and as many as 2.2–7 times when using the enhanced model.
[image: Figure 10]FIGURE 10 | Comparison of (A) the volume ratios of total plastic zones ([image: image]), (B) the growth ratios of plastic zone volumes ([image: image]), (C) the volume ratios of shear failures ([image: image]), and (D) the volume ratios of tensile failures ([image: image]) at each excavation step. [image: image] is the total failure volume (including volumes of shear and tensile failures); [image: image] is the total failure volume calculated using M–C model; [image: image] is the failure volume calculated using M–C model at the first excavation step; [image: image] is the shear failure volume; [image: image] denotes the tensile failure volume.
The proportional occurrence of the failure types of the rock mass is different when using different models. As shown in Figures 10C,D, when M–C model is used, the failure of the rock mass is mainly tensile, and the proportions of shear failure and tensile failure are 20 and 80%, respectively. On the contrary, when the U-J model or the enhanced model is used, the rock mass is mainly subjected to shear failure. The proportions of shear failure and tensile failure calculated using U-J model are 60 and 40%, respectively, while the proportions calculated using the enhanced model are 90 and 10%, respectively.
Displacement Characteristics
The displacement contours (Figure 11) calculated using each of the three models are similar in terms of the deformation mode: the deformation of the surrounding rock mass develops towards the opening and the largest deformation occurs on the sidewalls of the powerhouse upon completion of the excavation. The deformation characteristics are consistent with those reported elsewhere (Jia and Tang, 2008; Hatzor et al., 2015), indicating the correctness of the enhanced model in terms of the deformation response. However, there are some differences among the deformation magnitudes calculated using the three models. Compared with the displacement magnitude contour calculated using M–C model (Figure 11A), those calculated using U-J model (Figures 11B,C) are increased on the sidewalls (especially where the arrows indicate in the figures) and the magnitude calculated using the enhanced model (Figure 11D) is increased on almost all of the sidewalls (especially where also found to have been increased when using U-J model, as the arrows indicate in the figure).
[image: Figure 11]FIGURE 11 | Total displacement contours calculated using the (A) M–C model, (B,C) U-J model, and (D) enhanced model.
For further study, the magnitudes of the total displacements calculated using the three models at each excavation step are compared (Figure 12). The total displacements calculated using the three models contain both of the elastic and plastic components. The elastic components are almost the same since they are calculated under the same stress condition, but the plastic components are different since they are derived from plastic flows of different plastic zones. As shown in Figure 12, the displacement magnitudes of the monitored points calculated using the enhanced model are generally similar to, but slightly larger than, those calculated using M–C model and U-J model. This indicates that the total displacements are mainly controlled by the elastic components and the plastic components which are derived from plastic flows of plastic zones entailing only minor corrections to the total displacements.
[image: Figure 12]FIGURE 12 | Total displacement of (A) the monitored point as the excavation proceeds and (B) the monitored points upon completion of the excavation.
DISCUSSION
Previous work has assessed the use of various constitutive models for layered jointed rock masses (Adhikary and Dyskin, 1998; Sitharam et al., 2001; Sainsbury and Sainsbury, 2017; Zhou et al., 2017) and their strength and deformation performance in the simulation of underground excavations (Jiang et al., 2006; Jia and Tang, 2008; Das et al., 2019; Ding et al., 2019). These studies were mainly focused on rock masses with a set of joints, while little attention has been paid to the mechanical characteristics of CJRM and their excavation responses in underground engineering. In fact, CJRM or similar rock masses often appear in engineering practice. For example, conjugate sets of joints can be found among the multiple sets of joints in the rock mass at Baihetan hydropower station (Jiang et al., 2014; Fan et al., 2017; Li et al., 2018; Jiang et al., 2019; Zhao et al., 2020). In this study, U-J model was enhanced by considering the specific mechanical behaviors of CJRM based on the equivalent continuum method (Mühlhaus, 1993; Adhikary and Dyskin, 1998; Sitharam et al., 2001). The enhanced model was verified by numerical triaxial compression tests and used to simulate the excavation responses of the underground caverns of a pumped storage power station in China.
The comparison of results calculated using the M–C model, U-J model, and enhanced model shows that the mechanical behaviors of jointed rock masses are greatly affected by the number of joint sets. In the triaxial compression tests, the strength of the samples of CJRM is the lower one of the two strengths of the corresponding layered jointed rock masses. These findings are consistent with the superposition theory of multiple sets of joints proposed by Jaeger et al. (2007). In addition, because of the modification of the local coordinate system, failure modes and failure sequences based on the characteristics of CJRM, the enhanced model shows a significant difference from M–C model and U-J model in the simulated excavation of underground caverns in CJRM. The mechanical responses, such as the distribution of plastic zones and displacement of the surrounding rock mass, are significantly underestimated by the M–C model or U-J model but are reasonably estimated by the enhanced model, suggesting that the enhanced model can be used to simulate the mechanical behavior of underground excavations in CJRM.
The prediction of the excavation-induced plastic zones (also considered as excavation-disturbed zones, EDZ) of the surrounding rock mass is of great significance to the design of support measures and the assessment of related hazards of underground caverns (Parise and Lollino, 2011; Chen et al., 2013; Zhao et al., 2020). For the present engineering case, the plastic zone volumes calculated using the enhanced model are 2.5 and 1.4 times greater than those, respectively, calculated using the M–C model and U-J model. Moreover, the failure modes of the surrounding rock mass calculated using each of the three models are quite different. The failure mode predicted using M–C model involved mainly tensile failure, which accounted for 80% of all failures; however, the failure modes predicted using the U-J model and the enhanced model involved mainly shear failure, accounting for 60 and 90% of all failures, respectively. Comparing the failure modes and failure scales predicted using the three models with the practical engineering problems, including joint slippage and cracking of the liners (Figure 8A), it can be found that the enhanced model provides more accurate predictions than M–C model and U-J model in the simulation of underground excavations in CJRM.
The total deformations of surrounding rock masses are composed of elastic and plastic parts (Chen et al., 2013; Wang and Huang, 2014). For the three models used in the present engineering case, there is no difference in the calculation of elastic deformations, but a significant difference in those of the plastic deformations. Compared with the M–C model, the enhanced model and U-J model add deformation corrections of the joints to the total deformations, i.e., the U-J model considers one of the two sets of joints and the enhanced model considers both sets of joints. The results showed that the deformation patterns and magnitudes calculated using the three models differed (albeit not to any significant extent), indicating that the total deformations are mainly controlled by the elastic deformations and the plastic deformations made only minor corrections thereto. Comparing the calculated deformations with those measured in situ, the deformation calculated using the enhanced model is closer to those monitored, even if there remained certain differences between them. In future work, the prediction of the deformation of CJRM can be further modified by considering the stiffness of joints, thus improving such simulations (Wang and Huang, 2009; Chen et al., 2012).
CONCLUSION
CJRM or the similar rock masses often appear in engineering practice, but their specific mechanical performance is much less explored in numerical simulation (Wang and Huang, 2014; Yang et al., 2019; Zhao et al., 2020). This study enhanced U-J model by consideration of the particular mechanical behaviors of CJRM based on an equivalent continuum method and used the enhanced model to study the excavation responses of the large underground caverns in CJRM. It is obtained from the study that
1) The modification of the local coordinate system, failure modes, and failure sequences based on the structural and mechanical characteristics of CJRM is suitable for the simulation of the strength, deformation, and distribution of plastic zones of the rock mass. The presence of the conjugate joints greatly affects the performance of CJRM, and the effect of each set of joints on the mechanical behaviors is consistent with the superposition theory of general jointed rock masses.
2) The underground excavation in CJRM causes a much larger scale of plastic zones of the surrounding rock mass compared with those in unjointed or layered jointed rock masses. The failure modes of the underground caverns in CJRM involve mainly shear failure of the joints, which accounts for about 90% of all failures and is manifested as the joint slippage and cracking of the liners in the practical engineering.
3) The deformation of the underground excavations in CJRM is larger than those in unjointed or layered jointed rock masses. This is partly reflected in the plastic flow generated by the larger scale of the plastic zones in the calculation using the enhanced model; however, the deformation component derived from joint slippage is not considered, so the calculated deformation is smaller than that in practice. This weakness of the enhanced model can be improved in future work by considering the stiffness reduction of CJRM.
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There is high risk of water inrush and ground collapse accidents when tunnelling in karst areas. Based on the case study of an urban metro tunnel, this paper focuses on karst cave treatment and waterproofing strategies for earth pressure balancing (EPB) shield tunnelling in karst areas containing large amounts of karst caves and fissures. When the shield machine enters the karst area, water gush easily occurs, posing serious threats to tunnelling safety. The distribution characteristic of limestone fractures, karst caves, and fissures in the karst area were analyzed according to the geological survey results. Further, water inrush risk and engineering difficulties were analyzed. Subsequently, a compound karst cave treatment and waterproofing strategy for EPB shield tunnelling was proposed and implemented. Water inflow is successfully reduced and ground collapse accident is avoided using the compound karst cave treatment and waterproofing strategy.
Keywords: karst area, limestone formation, shield tunnelling, karst cave treatment, waterproofing
INTRODUCTION
Karst is formed through complex chemical and mechanical interactions between groundwater and soluble rock formations such as limestone, dolomite, gypsum, and halite, which can develop into karst caves, karst conduits, and corrosion fissures with a variety of sizes and shapes. Karst aquifers can exhibit an extreme heterogeneity of hydraulic conductivities (Romanova et al., 2003; Li et al., 2016; Liang et al., 2016). Geological disasters such as water inrush and ground collapse occur frequently when tunnelling in karst areas, which pose serious threats to the safety of the tunnel (Wu et al., 2019). Water inrush in karst tunnels usually induces casualties, equipment damage, project delays, and other serious consequences (Yilmaz, 2007; Yang et al., 2016; Li et al., 2019). Moreover, using a shield machine during the tunnelling process, karst caves might cause many geological or engineering hazards such as sink holes, water or stone ingress, damage to segments and the shield machinery, and long-term instability (Cui et al., 2015; Yang et al., 2018; Li et al., 2020). The caves can also cause many difficulties due to pushing side of the “head” of the shield machine, or because of unwanted sinking of it into the hollow (Garašić and Garašić, 2015; Yang et al., 2019; Kovács et al., 2020).
Therefore, special karst cave treatment and waterproofing strategies should be adopted to avoid water inrush and ground collapse accidents when tunneling in karst areas (Li et al., 2013). Advancing geophysical or drilling prospecting is often required to detect the scale, distribution, and water supply of karst caves and fissures before tunnelling. Present geophysical methods mainly include Tunnel Seismic Prediction (TSP) and Ground Penetrating Radar (GPR).
Many researchers have focused on the issues of karst cave treatments during tunnelling processes in recent years. Song et al. (2012) proposed a karst terrain-safe tunnel risk reduction system to cope with the problem of Korean karst in karst areas of the longest railway tunnel in Korea. Alija et al. (2013) studied the excavation and support methods for Gavarres tunnel in Spain’s karst area and investigated measures to efficiently avoid large-scale karst disasters. Cui et al. (2015) discussed potential geohazards during tunnelling in karst caves and verified the effect of the treatment process through a case study. Fan et al. (2018) studied and systematically analyzed the karst characteristics, unfavorable geological disasters, and treatment methods for Yichang-Wanzhou railway tunnel. Wu et al. (2019) studied the required rock thickness to resist water and mud inrush from karst caves under earthquake action and built theoretical solutions for the minimum rock thickness between the tunnel face and the karst cave. Yang et al. (2020) presented a systematic grouting method for a shield tunnel passing through underwater karst regions in water conservation districts. Xu et al. (2021) proposes a typical form of water inrush disaster caused by a combination of steep karst fissures and concealed karst caves and studied its mechanism from aspects of geology and coupled hydro-mechanical interaction.
This research provided valuable information for tunnelling in karst areas. However, geological conditions of karst areas vary in cave characteristic features and hydrogeological conditions; hence, the karst caves treatment and waterproofing measures should be proposed according to the particular geological conditions and safety controlling requirements. Single treatment measures can hardly get satisfactory result when the geological condition is extremely complicated. For instance, common grouting slurry is not applicable for karst fissures with fast-flow water because cement slurry would be washed away by fissure water (Liu et al., 2021). This work focuses on a compound cave treatment and waterproofing strategy for EPB shield tunnelling in karst areas based on an urban metro tunnel in Jinan City of China. A more effective detecting and grouting method would be investigated, and more effective water-proofing measures would be studied according to the geological condition of the karst area.
Jinan is well-known as the City of Springs, and is located in eastern China. The stratum of this city contains numerous karst caves, and the karst water supply is abundant. The karst caves and fissures provide favorable storage conditions and flowing channels for groundwater. The pressure of the confined karst water is high, increasing the risk of water inrush accidents when tunnelling in the karst region. In addition, karst caves might cause serious damage or large displacement to shield machines. Moreover, tunnelling can also cause karst caves to collapse due to excavation disturbance. In order to ensure the safety of tunnel construction, karst caves and fissures should be treated appropriately when tunnelling.
This paper focuses on karst cave treatment and waterproof measures for shield tunnelling in limestone formations based on the case study of R3 Metro Line in Jinan. The engineering geological conditon as well as the characteristic features of karst caves of the limestone formation is analyzed. Subsequently, a compound karst cave treatment and waerproofing measures for shield tunnelling in limestone formation is proposed and implemented in the limestone section.
ENGINGEERING BACKGROUND
The total length of the first-phase project of Jinan R3 Metro Line is about 21.59 km (as shown in Figure 1). The length of the section between LongAo Station and Olympic Center Station is about 970 m. The buried depth of the tunnel in this section is 13.47–19.66 m, and the maximum slope is 28‰. The inner diameter of the tunnels is 5.8 m, and the thickness of the lining segment is 0.3 m. The tunnel is excavated by earth pressure balancing (EPB) shield machine. The stratum of the section from LongAo station to Olympic Center station is constituted by moderately weathered limestone (Lower Paleozoic Ordovician Majiagou Formation O1m). There are many karst caves and fissures in this section and karst water supply of the section is abundant (as shown in Figure 2 and Figure 3). When the shield machine enters the limestone formation, severe water gushing occurs on the tunnelling surface (Figure 4), which consumes a lot of extra time for drainage and slag cleaning. There is high risk of geological disasters, such as cave roof collapse or water and mud outburst, if no appropriate measures are adopted to treat the karst caves and fissures.
[image: Figure 1]FIGURE 1 | Location map of Jinan R3 metro line.
[image: Figure 2]FIGURE 2 | Geological profile of detected Karst formation along R3 Line.
[image: Figure 3]FIGURE 3 | A real image of detected karst cave in limestone formation near the tunnel.
[image: Figure 4]FIGURE 4 | Water gushes from the tunnelling face.
ENGINEERING GEOLOGICAL CONDITION
The limestone of this section is generally moderately weathered. The uniaxial saturated compressive strength of moderately weathered limestone varies from 30 to 80 MPa. The integrity index of the drilling cores is roughly 5–20 (%), and the integrity of the rock mass is classified as an extremely fractured degree. Supplementary geological surveys were carried out in this section before tunnelling. Drilling holes along the tunnel line have detected a large number of karst caves in the moderately weathered limestone. There are approximately 20 karst caves were detected in the section between the LongAo Station and Olympic Center Station. Some of the caves are filled by limestone debris or clays. A diagram of height and counts of detected karst caves are shown in Figure 5. The karst fissures of this section are extremely developed. Typical inner photographs of karst fissures of limestone section using borehole peep method are shown in Figure 6 (Wang et al., 2014).
[image: Figure 5]FIGURE 5 | Diagram of size and counts of detected karst caves.
[image: Figure 6]FIGURE 6 | Typical inner photograph of karst fissures obtained via the borehole peep method.
This section is in a water-rich region. This aquifer is confined with high pressure. The exposed groundwater in the limestone is mainly fissure karst water with water levels of 11.5–14.7 m. The water supply source is mainly atmospheric precipitation infiltration and replenishment by the river. This aquifer mainly distributes in limestone karst fissures. The fractured fissures and karst caves in the limestone provide water storage conditions and a flowing channel for groundwater.
ENGINEERING DIFFICULTIES
The immediate dewatering method is very difficult to conduct due to the abundant fissure water supply. Besides, the stability of adjacent buildings might be threatened by the drawdown of ground water level. Therefore, to ensure safety of the tunnel and adjacent buildings, the water sealing method is more feasible for this section. A compound karst cave treatment and waterproofing strategy should be proposed according to the engineering geological condition. The karst caves near the tunnel should be filled or grouted to avoid collapse accidents. Meanwhile, the seepage channels should be blocked to cut off water inflow at the tunnelling face. The grouting method is commonly used for waterproofing. However, cement slurry can be easily washed away by the fast-flow water in this case. Therefore, special fast-setting slurry should be applied in this section. Moreover, the structure of segments should be improved to adapt to the fractured rock mass and adverse geological condition.
COMPOUND KARST CAVE TREATMENT AND WATERPROOFING MEASURES
According to the above analysis of geological features and engineering difficulties of the limestone section, a compound karst cave treatment and waterproofing strategy is proposed. The major objective of this compound karst harzards treatment strategy is to improve the geological condition and reduce the water infow during the tunnelling process. The flow chart of karst cave and fissures treatment strategy is shown in Figure 7. Detailed information of the measures is illustrated as follows.
[image: Figure 7]FIGURE 7 | Flow chart of karst cave and fissures treatment for karst region along R3 line.
KARST CAVE TREATMENT
As mentioned above, fissures are dense and karst water is abundant in soluble limestone formations. Karst caves of different scales, shapes, and depths are formed by the dissolution and erosion effect of groundwater. It might cause the shield machine to displace, jam, or even cause ground collapse during the tunnelling process. Therefore, to prevent such geo-disasters, all of the caves right above the tunnel and within 5 m from the tunnel contour line should be treated, as shown in Figure 8. Nevertheless, the caves filled with hard plastic clay do not need to be treated.
[image: Figure 8]FIGURE 8 | The treatment criteria for karst caves around R3 metro Tunnel.
To make clear the specific location, size, and fillings of the karst caves, more supplementary detecting holes would be drilled near karst caves once found. The interval space of the additional holes is set to 2.5 × 2.5 m. The detecting holes can also be used as a grouting hole during the treatment process.
For fully filled caves, concrete cement slurry is used for grouting filling. For unfilled caves and partially -filled caves with heights lower than 1 m, cement slurry (water-cement ratio = 1:1) is used for pressure grouting (0.4–0.8 MPa). For unfilled caves and partially filled caves with heights lower than 2 m, cement mortar is used to fill first and then grouting is used subsequently. For unfilled caves and partially filled caves with heights that exceed 2 m, blowing sand is used first, followed by grouting reinforcement. For super large unfilled caves with heights that exceed 4 m, fill chippings are used first, and then grout (as shown in Table 1). Arrangement of drilling holes and sketch of karst treatment measures are shown in Figure 9.
TABLE 1 | Treatment measures for different karst cave types.
[image: Table 1][image: Figure 9]FIGURE 9 | (A) Arrangement of drilling holes; (B) profile map.
Grouting holes for karst treatment are reserved on the segments for newly discovered karst caves during the tunnelling process. It can also be used when excessive or abnormal settlement occurs. The water-cement ratio of grouting slurry is set to 1:1, and the grouting pressure is 0.4–0.8 MPa. Sleeve valve pipe and grouting core pipe should be extended to the bottom of the cave. Grouting can be terminated when the suction volume reaches roughly 1–2 L/min and is stabilized for 10 min.
KARST FISSURE TREATMENT AND WATERPROOFING MEASURES
There are dense karst fissures and caves in the limestone formation. They intersect and connect to each other, forming a huge intricate network for water seepage. When excavating in the moderately weathered limestone, water gushes severely from the tunnelling face due to the confined pressure of karst fissure water. The maximum water inflow exceeds 4.5 m3/h. Meanwhile, the shield tail leaks water. The water flow washes away synchronous grouting slurry. The quality of segment assembly would be affected if the shield tail is not cleaned up, and consequently, the safety and quality of the construction stage would be influenced.
When severe water gushing occurs during the shield tunnelling process, it is necessary to find out the supply source and block the water flowing channel before subsequent tunnelling. Drilling detecting holes is a feasible way to find out the water flowing channel. Based on a comparison of various technical methods, a compound detection and treatment strategy is proposed. Firstly, advancing vertical detecting holes should be drilled on the ground surface to find out the water flowing channel. Secondly, the detecting holes on the water flowing channel should be filled with grout to block the water flow. Consequently, muddy film wall protection technique is applied to seal karst fissures on the tunnel surface. Finally, secondary grouting should be carried out at the shield tail to block water seepage from the shield tail.
As shown in Figure 10, a series of detecting holes, with interval distances of 4 m, are drilled around the tunnelling face. The length of the holes is roughly 23–25 m (5 m beneath the tunnel floor). The drilling sequence is 1→2→3→…→9→10→11 (as shown in Figure 10). Once a water channel is found, concrete slurry is injected into the hole. If the slurry flows out from the tunnelling face, then it can be recognized as the flowing channel of water supply, and the hole should be grouted or poured with mortar. More additional holes can be drilled around this detecting hole and grout through the holes.
[image: Figure 10]FIGURE 10 | Arrangement of detecting drilling holes for the limestone section of R3 Metro Line.
Binary slurry (mixed sodium silicate (Na2OnSiO2) and calcium chloride (CaCl2)) grouting method is adopted to treat water gush problems. The volume ratio of cement paste to sodium silicate is set to C:S = 1: (0.5–1). The concentration of sodium silicate is 35 Baume with the modulus m = 2.4–2.8. The slurry should be replaced with mortar if the binary slurry cannot obtain a satisfactory effect.
Binary slurry injection is conducted by sleeve valve pipes. Slurry can be easily washed away by the fast-flow water and special fast-setting grouting slurry should be applied. Therefore, the initial setting time of slurry is vital for the water sealing effect. It is correlated with the proportion of sodium silicate and calcium chloride. Preparing tests to determine the initial setting time under different proportion condition is necessary. Five initial setting time proportions were allocated for trial, namely 120, 90, 60, 30, and 15s. Each of the slurries with different initial setting times were continuously injected into the hole for 1 h. If the slurry continued to flow out after 1 h, the ratio was replaced with a shorter time until water inflow terminated. A record of the ratio and final pressure value should be made for the follow-up experience data. The slurry should be changed to mortar if the binary slurry cannot seal the water even if the initial setting time has been adjusted to 15s.
Secondary grouting at the shield tail is also implemented. The fissure water might gush from the shield tail when the shield machine moves forward. Therefore, it is necessary to carry out secondary grouting at the shield tail. The secondary grouting slurry is composed of sand (content: 58%), flyash (20%), cement (4%), and water (18%). Grouting pressure should be 2–3 bars higher than the ground water pressure.
TUNNEL SURFACE PROTECTION TECHNIQUE USING MUDDY FILM
Balancing shield mud (HDN) is a new kind of auxiliary construction material developed by the Institute of Guangzhou Metro Shield Technology (Zhong et al., 2016). It has excellent workability and adhesion, and it is not easily diluted or washed away by water flow (as shown in Figure 11). An application diagram of balancing shield mud is shown in Figure 12. It has the advantages of stable film formation and good adhesion. Moreover, it is a kind of environmentally friendly protection material.
[image: Figure 11]FIGURE 11 | (A) Picture of balancing shield mud (HDN); (B) Application effect.
[image: Figure 12]FIGURE 12 | Application diagram of balancing shield mud.
SEGMENT WATERPROOFING
The width of segments used in R3 Line is 1.2 m, and each ring of the segment in the tunnel contains six segments. A set of holes are reserved in segments for subsequent grouting. The maximum water head of the tunnel during the entire operation period is approximately 20.5 m. According to the designing requirements in the waterproof diagram of the segment structure, the elastic gasket can still resist the water pressure of 0.8 MPa when the permissible opening of the segment joint is 6 mm.
However, the shield posture is difficult to control during the tunnelling process due to the influence of karst caves, fissures, and karst water. So, it is difficult to keep the segments connected perfectly. Therefore, flexible caulking is adopted to improve the waterproof ability of the segment. The caulking is sealed by flexible polyurethane sealant (as shown in Figure 13).
[image: Figure 13]FIGURE 13 | (A) Common water sealing rod on the segment; (B) Caulking sealing by flexible polyurethane sealant.
APPLICATION EFFECTS
Engineering practice proves that the water gushing on the tunnelling face of R3 line is significantly improved using the compound waterproof and ground reinforcement strategy. The water inflow of the tunnel face is about 4.5 m3/h before treatment, and this value is reduced to 0.3 m3/h after using the treatment measures, and the water inflow on the segments has been sealed completely. Moreover, ground collapse accidents have been succesfuly avoided. The compound treatment measures have effectively reduced the risk of geohazards and provided an reliable environment for the subsequent shield tunnelling.
CONCLUSION
To avoid water inrush and ground collapse accidents, special cave treatment and waterproofing strategy should be adopted when tunnelling in karst formations. This paper focuses on karst cave treatment and waterproof measures for shield tunnelling in limestone formations based on the case study of R3 metro line in Jinan City.
1) The geological survry result shows that there are plenty of karst caves and fissures in this section and karst water supply of the section is extremely abundant, which can cause great difficulties for the shield tunnelling process and endanger engineering safety.
2) Special karst cave treatment and waterproof measures were proposed including decting holes, filling, and grouting. All of the caves right above the tunnel that within 5 m from the tunnel contour line were treated.
3) The compound karst cave treatment and waterproofing strategy was implemented in R3 line. The water inflow of the tunnel is significantly reduced from 4.5 to 0.25 m3/h after using the compound karst cave treatment measures. Karst water inrush and ground collaspe accidents are sucessfully avoided.
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Loess landslides induced by rainfall and traffic load are significant hazards during the construction and operation of highways in many loess-covered areas. Studies of the deformation and stability of loess slopes with seepage fissures are limited. In the study, a case study of the Yangpoyao loess slope with seepage fissures in China’s Loess Plateau was conducted to reveal the deformation development mechanism and assess the landslide hazards of such fissured loess slopes. First, the hydraulic-mechanical properties of the Q2 loess were investigated through experiments, and the mathematical expressions of the relationships between various mechanical parameters and water content were fitted, indicating that the mechanical parameters, such as cohesion, angle of internal friction, and deformation modulus, vary in a quasi-linear manner with the water content. Then, a new numerical method was proposed to simulate the mechanical behaviours of the loess considering its water sensitivity and transverse isotropy, where the water sensitivity was considered through the implementation of the mathematical expressions of the hydraulic-mechanical relationships, and the transverse isotropy was considered by the modified constitutive model that combined the logics of transversely elastic model and a ubiquitous-joint model. Finally, the deformation development mechanism of the fissured loess slope under rainfall and traffic load was revealed by using the proposed method. The roles of the rainfall and traffic load in the fissure propagation and deformation development process of the slope were explored, and some stabilisation measures are recommended for the prevention of its failure. The proposed method and findings arising therefrom may provide references for future studies of the stability and landslide hazard assessment of fissured loess slopes.
Keywords: fissured loess slope, hydraulic-mechanical property, seepage fissure, deformation development mechanism, stabilisation treatment, landslide hazard
INTRODUCTION
Loess covers [image: image] km2 of China and is widely distributed in several provinces Xinjiang, Ningxia, Gansu, Shaanxi, and Shanxi of the country (Derbyshire, 2001; Liu, 2002). The instability of loess slopes is one of the major causes of disasters in the loess-covered areas, especially in the Loess Plateau with an area of [image: image] km2, posing a serious threat to the safety of the lives and property of the people there (Derbyshire, 2001; Zhang and Li, 2011; Zhuang et al., 2018; Juang et al., 2019). The loess has high void ratios and well-developed vertical joints (Zhang et al., 1988; Derbyshire et al., 1998), featuring a remarkably collapsibility and transverse isotropy (Jiang et al., 2014; Xu and Coop, 2016). As such distinctive soil structure facilitate water infiltration, it is very common to see seepage fissures on loess slopes (Jin et al., 2012; Krzeminska et al., 2013; Pu et al., 2020; Chang et al., 2021).
These fissures destroy the integrity of a slope, resulting in increased rainfall infiltration and a gradual reduction in the strength of the soil (Jin et al., 2012; Wang J. et al., 2018). Also, the fissures lead to stress concentration and large deformation in the slope body, resulting in slope instability (Wang et al., 2017; Wang J. et al., 2019). Previous studies on rainfall-induced landslides of fissured loess slopes have generally discovered that the failure process of the slopes can be divided into three stages: water infiltration, fissure-deformation development, and sliding (Wang et al., 2017; Zhuang et al., 2018), where the fissure-deformation development stage is of most importance in the formation of loess landslides (Jin et al., 2012; Wang J. et al., 2018; Chen et al., 2018).
Various physical model experiments have been conducted to reveal the fissure-deformation development process of loess slopes with fissures subjected to rainfall or human activities. For example, Wu et al. (2017) and Zhang et al. (2019) conducted flume experiments to study dynamic behaviours of a loess slope subject to rainfall and found a relationship between the slope stability and the rainfall infiltration. Sun et al. (2019) undertook different model experiments to assess the effects of rainfall patterns on the process of the deformation and failure of fissured loess slopes. Zhang S. et al. (2020) conducted a centrifuge model test of a loess slope and revealed the landslide process induced by excavation. Chen et al. (2018) observed three stages of a rainfall-induced loess landslide from an in-situ experiment involving artificial rainfall. Wang J. et al. (2018) analysed the failure modes of loess-filled fissured slopes based on the combination of field survey, in-situ monitoring, and laboratory testing. These physical model experiments have restored the destruction of fissured loess slope to a certain extent; however, they suffer numerous drawbacks due to the small simulation scale and high cost of materials.
To overcome the shortcomings of physical model experiments, numerical analysis was conducted to examine the deformation processes in fissured loess slopes. Through the employment of seepage-stress coupling via finite element analysis, researchers investigated the deformation and sliding mechanism of a fissured loess slope subjected to rainfall and excavation (Wang et al., 2014; Li et al., 2020), rainfall and earthquakes (Carey et al., 2017; Wang et al., 2020; Pu et al., 2021), and upon variation of prevailing hydraulic conditions (Hou et al., 2018). Moreover, other numerical methods were used to explore this problem. For example, Zhou et al. (2014a) proposed a moving boundary algorithm for mechanical-hydraulic coupled analysis and used it to investigate the failure mechanism of a loess slope along cracks caused by infiltration of water. Chang et al. (2021) simulated the failure process of fissured loess slope under rainfall and earthquake load via the PFC3D discrete element software.
As can be seen from the physical model experiments and numerical analysis above, triggering factors including rainfall, earthquakes, and human activities, intensify the fissure-deformation development process in loess slopes (Zhang and Li, 2011). Among the triggers of loess landslides, rainfall and traffic load emerge as the most important on China’s Loess Plateau (Derbyshire, 2001; Tu et al., 2009; Zhang and Li, 2011; Juang et al., 2019) where many important highways have been built upon implementation of the Western Development Drive in China in recent years. Therefore, a good understanding of the deformation development mechanism of fissured loess slope under rainfall and traffic load is of engineering concern in the loess-rich area. Moreover, previous studies are insufficient in terms of the analytical methods: most of the studies (Tu et al., 2009; Jin et al., 2012; Wang et al., 2014; Carey et al., 2017; Li et al., 2020; Wang et al., 2020; Pu et al., 2021) were based on the theory of unsaturated soil mechanics (Bishop et al., 1961) to ascertain the effects of water infiltration on loess slopes, while ignoring the two most important properties of the loess, the collapsibility (water sensitivity) (Zhou et al., 2014b; Garakani et al., 2015) and transverse isotropy (Jiang et al., 2014; Wen and Yan, 2014; Xu and Coop, 2016).
In the study, a typical loess slope of the highway engineering on China’s Loess Plateau, the Yangpoyao loess slope with a seepage fissure, was taken as a case study. The hydraulic-mechanical properties of the loess were obtained by experiment. A new numerical method was used to simulate the fissure-deformation development process of the slope under rainfall and traffic load by considering the collapsibility and transverse isotropy of the loess; the simulated results were verified by in-situ monitoring data. Based on the analysis of the simulation and field monitoring results, some stabilisation treatments are recommended for the prevention of fissured loess slope failure.
OVERVIEW OF THE YANGPOYAO SLOPE
The Yangpoyao slope is located in Ganquan County, Yan’an City, Shaanxi Province, China. The slope is a typical loess slope along Huang-Yan Highway (from Huangling to Yan’an) through the centre of China’s Loess Plateau (Figures 1A,B). The total length of the slope is about 100 m, and its cross-section is shown in Figure 1C. The slope is filled with a typical loess [image: image] found across the Chinese Loess Plateau. The reinforce measure suggested for the slope is a gravity retaining wall (Figure 2C). In the construction of the highway, the trailing edge of the slope was cut to improve the stability of the slope. At the start of the cutting process, the highway had already been put into use and a temporary road was built for the earthmoving machinery. Both the highway (with six lanes) and temporary road (with two lanes) were limited to a maximum load of 10.5 kN/m per lane (with reference to the Chinese Highway Engineering Code). The slope was intact without any fissures at the beginning of construction: however, under the action of vehicle load for months and infiltration from several rainfall events, a fissure with a length of about 40 m, a width of about 0.15 m, and a depth of about 0.7 m developed on the slope (Figures 1D,E).
[image: Figure 1]FIGURE 1 | Overview of the Yangpoyao slope: (A,B) location of the site, (C) cross-section of the slope, (D,E) a fissure on the slope and (F) statistical distribution of monthly average rainfall.
[image: Figure 2]FIGURE 2 | Monitoring data of the slope: (A) depth of water table, (B) daily displacement, and (C) total displacement.
The climate of the slope site is arid or semi-arid with an annual rainfall amount of about 550 mm. The distribution of annual rainfall is concentrated seasonally, about 70% of which occurs in the rainy season between June and September (Figure 1F). The maximum monthly rainfall amount appears in July or August, accounting for about 40% of the annual rainfall amount. Furthermore, the maximum daily rainfall with an average amount of 50 mm/day usually occurs in July or August. The concentrated rainfall creates the conditions for the formation of seepage fissures on the loess slope.
Monitoring work (Figure 1D) was immediately carried out on the slope when the seepage fissure appeared. The data (Figure 2) were monitored from 25 November to December 30, 2016, including the rise of the underground water table (associated with rainfall infiltration), the total horizontal deformation and the daily horizontal deformation of the slope. As illustrated in Figure 2, the monitored process of the changes in the depth of water table and the deformation of the slope can be divided into three periods according to their growth trends, which indicates that the rise of the water table is related to the increase in deformation (Xu et al., 2014); however, it also shows that the deformation increment does not explicitly vary with the water table in each period, suggesting that the deformation increment is not completely controlled by the rising water table (Mirus et al., 2018). The change in the water table is just one of the key factors influencing the deformation and other factors, such as the traffic load on the highway and temporary haul road, also contribute to the deformation. Therefore, it is necessary to study the hydraulic-mechanical response of the slope under the action of rainfall infiltration and traffic load to reveal the fissure-deformation development mechanism of this loess slope with its seepage fissure.
SIMULATION METHOD FOR THE LOESS SLOPE WITH A SEEPAGE FISSURE
Consideration of Water Sensitivity of Loess
Loess is extremely sensitive to water and its strength reduces rapidly upon wetting (Xing et al., 2016; Yan et al., 2018). Research has revealed that water sensitivity of loess is manifest by the collapse of the original soil structures and the decrease in the shear strength and stiffness after encountering water (Feda, 1988; Zhou et al., 2014b; Garakani et al., 2015); however, in terms of loess landslides, previous studies (Tu et al., 2009; Jin et al., 2012; Wang et al., 2014; Carey et al., 2017; Li et al., 2020; Wang et al., 2020; Pu et al., 2021) usually evaluated stability of a loess slope by using the general theory of unsaturated soil mechanics, such as the Bishop’s shear strength formula (Bishop et al., 1961) which considers pore-water and pore-air pressure in soils but does not consider the water sensitivity of mechanical parameters of the loess (Xu L. et al., 2018; Xu Y. et al., 2018). This analysis method usually overestimates the slope stability due to neglecting the water sensitivity of loess, therefore, loess slopes should consider not only the effects of rainfall infiltration on the increase of the pore water pressure but also the variations in the mechanical parameters with increasing water content.
To demonstrate such specific hydraulic-mechanical characteristics of loess in slope stability analysis, especially for loess slopes with seepage fissures under the action of rainfall infiltration and traffic load, a new simulation method is proposed, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Method for slope stability analysis considering water sensitivity.
First, the hydraulic conductivity curve and soil-water characteristic curve of the loess are experimentally derived, and the unsaturated steady seepage theory is used to inversely calculate the initial water content and initial pore water pressure of the slope based on the pore water pressure and the water table as measured on-site.
Second, the water content increment field of the slope under rainfall is calculated based on the fields of water content before and after infiltration, and then the mechanical parameter fields, such as the distributions of cohesion, angle of internal friction, deformation modulus, and unit weight, are fitted based on the measured hydraulic-mechanical properties of the loess and the distribution of the increment in water content.
Finally, a constitutive model suitable for the loess (presented in Consideration of Transverse Isotropy of Loess ) is adopted to conduct mechanical analysis of the slope based on the pore water pressure and fitted mechanical parameters of the slope. The fissure-deformation development mechanism of the slope is revealed by analysing the calculated results, and the slope stability is evaluated.
It is noted that this method is an equivalent method of mechanical parameters to consider the water sensitivity of loess. The changes in mechanical parameters of the loess after encountering water, such as the decrease in strength and stiffness and the increase in unit weight, are fully considered in the method, but the collapse of the soil structure and the change in volume are not involved.
Consideration of Transverse Isotropy of Loess
Soil structures are the inherent determinants of the strength and stiffness of the soils, especially for loess (Jiang et al., 2014; Wen and Yan, 2014; Xu and Coop, 2016). Figure 4A depicts the [image: image] loess collected at the study site, which exhibits transverse isotropy due to the layered structures and micro-cracks in the soil. The loess is equivalent to the mechanical model due to this transverse isotropy as shown in Figure 4B. In the equivalent model, [image: image], [image: image], and [image: image] are the local coordinates, where the [image: image] and [image: image]-axes are in the plane of the layer and the [image: image]-axis is normal to it. The strength and stiffness of the soil are isotropic in the layer plane (in either the [image: image] or [image: image]-direction) (Jiang et al., 2014; Luo et al., 2018).
[image: Figure 4]FIGURE 4 | Structural characteristics of the loess: (A) loess sampled at the study site and (B) generalised model of the structure of the loess.
The Anisotropic-Elasticity Ubiquitous-Joint Model in Flac3D (Itasca Consulting Group, 2018) was modified to simulate the transversely isotropic strength and stiffness of the loess. The modified model integrates the logic of the transversely elastic model (which is used to simulate the transverse isotropy of the deformation of the loess) with that of the ubiquitous-joint model (which is employed to simulate the yield of the loess in a specific direction, i.e., the anisotropic strength of the loess). In calculation using the model, the elastic stress and strain of the elements are first calculated by the transversely elastic model (i.e., elastically trial calculation). Then, the plastic elements are determined based on the elastic stress and the yield function, and accordingly, the stress is corrected based on the distribution of the plastic elements. Followed by the stress correction, the strain of the plastic elements is corrected using the plastic flow rules to determine the incremental plastic strains. The main modification of this model is the stress and strain correction in the [image: image], [image: image], and [image: image]-directions.
The Mohr-Coulomb strength criterion is employed to judge the yield elements and correct the stress, and then the associated or non-associated plastic flow rule is accordingly used for the strain correction. Let [image: image] be defined as the magnitude of the tangential traction component in [image: image] direction ([image: image]), then we obtain
[image: image]
where [image: image] is stress component of the [image: image]-direction in the plane normal to the [image: image]-direction. Let [image: image] be the strain variable associated with [image: image], then
[image: image]
where [image: image] is the elastic strain component of the [image: image]-direction in the plane normal to the [image: image]-direction. For shear failure in the [image: image]-direction, the failure criterion [image: image] has the following form
[image: image]
where [image: image] and [image: image] are the angle of internal friction and cohesion in the [image: image]-direction, respectively. For tension failure in the [image: image]-direction, the failure criterion [image: image] has the following form
[image: image]
where [image: image] denotes the tensile strength in the [image: image]-direction. The potential functions, [image: image] and [image: image], are used to define the shear plastic flow and the tensile plastic flow, respectively. The function [image: image] corresponding to a non-associated law has the following form
[image: image]
where [image: image] is the angle of dilation in the [image: image]direction. The function [image: image] corresponding to the associated law is
[image: image]
It is noteworthy that the main modification of the Anisotropic-Elasticity Ubiquitous-Joint Model involves the yield judgment and stress correction in the [image: image], [image: image], and [image: image]-directions based on the structural characteristics of the loess. The transversely elastic calculation method and the forms of the failure criteria and potential functions are still consistent with the existing model. Similar modification has been made for jointed rock mass and the rationality of such modification has been verified (Wang and Huang, 2014; Leng et al., 2021), so, the verification of the model modification is not presented here due to the existing similar verification having been published previously.
HYDRAULIC-MECHANICAL PROPERTIES OF Q2 LOESS
Unsaturated Hydraulic Characteristics of the Loess
The undisturbed Q2 loess collected from the Yangpoyao loess slope is brown yellow, hard, and dense, with layered structures and micro-cracks in the soil (Figure 4A). The physical properties were listed in Table 1. The main particle components of the loess are silt particles: the proportion of the loess particles with a diameter larger than 0.05 mm is 12.9%, the proportion of those from 0.005 to 0.05 mm is 71.5%, and the proportion of those smaller than 0.005 mm is 15.6%. The liquid limit and plastic limit of the soil are 31.4 and 16.7%, respectively. The unit weight of the loess varies with the water content. In the natural state, the lowest water content of the loess is about 14%, and the corresponding unit weight is 1.52 g/cm3; the saturated water content is about 30%, and the corresponding unit weight is 1.73 g/cm3. The relationship between the water content and the bulk unit weight is roughly linear:
[image: image]
where [image: image] and [image: image] are the bulk unit weight and water content of the loess, respectively.
TABLE 1 | Physical properties of the loess.
[image: Table 1]To measure the hydraulic characteristics of the loess, the tests of soil-water characteristic curve were conducted using a volumetric pressure plate apparatus under pressures of 10, 50, 100, 200, 300, 500, 750, 850, and 1,000 kPa. The test data are shown in Figure 5A. Generally, the soil-water characteristic curve can be described by some models, such as van Genuchten function (van Genuchten, 1980), Fredlund-Xing function (Fredlund and Xing, 1994), and modified Kovacs function (Aubertin et al., 2003). In the present study, as the main particle components of the loess are silt particles, the Fredlund-Xing function (Eq. 8) is used to fit the soil-water characteristic curve, and the fitted function is displayed in Eq. 9.
[image: image]
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where [image: image] is a correlation function, [image: image] is the volumetric water content, [image: image] denotes the saturated volumetric water content, [image: image] is matrix suction (equal to the negative pore water pressure), and parameters a, n, and m represent the fitting parameters that control the shape of the volumetric water content function. [image: image] can be converted to water content w by equation [image: image] where 1.5 is the bulk unit weight of the dry loess.
[image: Figure 5]FIGURE 5 | Soil-water characteristic curve (A) and hydraulic conductivity curve (B) of the loess.
The hydraulic conductivity curves can be fitted based on the existing models, such as the van Genuchten model (van Genuchten, 1980) and Fredlund-Xing-Huang model (Fredlund et al., 1994). In the study, Fredlund-Xing-Huang model (Eq. 10) is used to fit the hydraulic conductivity function based on the water-soil characteristic curve function and the soil properties, such as the saturated hydraulic conductivity, and saturated and residual water contents. The fitted hydraulic conductivity curve obtained by using the estimation techniques of Seep/W (part of the Geostudio suite) is demonstrated in Figure 5B.
[image: image]
where [image: image] is the saturated hydraulic conductivity, and x represents a dummy variable of integration representing the water content.
Mechanical Properties of the Loess Considering Water Sensitivity
Hydraulic-mechanical characteristics and their mathematical expressions in the loess are necessary for the seepage-stress coupling simulation of the slope under rainfall and traffic load. Previous studies revealed some hydraulic-mechanical characteristics of loess, including the variation in the matric suction, shear strength and stiffness with the water content (van Genuchten, 1980; Fredlund et al., 1994; Aubertin et al., 2003; Haeri et al., 2014; Wang W. et al., 2018; Xu Y. et al., 2018; Liang et al., 2018). However, these studies rarely propose mathematical expressions of the variation in the mechanical parameters with the water content, so, it is difficult to apply the results to numerical simulation in any direct sense.
These mathematical expressions were further studied by using direct shear tests. The tests were conducted using the direct shear apparatus at a horizontal (shear) speed of 0.8 mm/min under the condition of the vertical stresses of 100, 200, 300, and 400 kPa, respectively. Six groups of the remoulded samples with the water contents of 14 (initial water content), 16, 18, 20, 22, and 24%, respectively, were prepared for the direct shear tests. The relationships between the shear stress and shear deformation of the samples with varying water contents tested under the vertical stress of 100 kPa (those at 200, 300, and 400 kPa had similar patterns and are not given) were revealed, as illustrated in Figure 6A.
[image: Figure 6]FIGURE 6 | Variations of shear stress-shear stress curves (A), cohesion (B), angle of internal friction (C) and deformation modulus (D) of the loess with the water content.
The mechanical parameters, including the cohesion (Figure 6B), angle of internal friction (Figure 6C), and deformation modulus (Figure 6D), were obtained based on the results of the direct shear tests. The fitted functions of the variation in the mechanical parameters with the water content increment are shown in Eqs. 10–13, where [image: image] is the cohesion (kPa), [image: image] is the change in water content (%), [image: image] is the angle of internal friction (°), and [image: image] denotes the deformation modulus (MPa).
[image: image]
[image: image]
[image: image]
It is noted that due to the limitations imposed by the prevailing conditions at the study site, it is difficult to obtain undisturbed Q2 loess samples with different water contents, such that remoulded samples with a 14–24% water content were formed in the laboratory. According to related studies (Wang Y. et al., 2019; Chang et al., 2021), the difference in mechanical parameters between the undisturbed loess and remoulded samples gradually decreases with an increasing water content and is acceptable when the water content is 14–24%. As the remoulded samples lose their structural characteristics compared with the undisturbed loess, it is necessary to convert the mechanical parameters of remoulded loess into those of undisturbed loess. Based on the transformation method proposed in previous studies (Jiang et al., 2014; Zhang L. et al., 2020; Liu et al., 2020), the strength and stiffness parameters of undisturbed loess is about 1.05 times that of remoulded loess in the isotropic plane and 0.9 times that of remoulded loess out of the isotropic plane. In general, this relatively small difference between the remoulded loess and undisturbed loess does not affect our investigation of the deformation development and destabilisation mechanism of fissured loess slopes.
SIMULATION OF THE YANGPOYAO SLOPE
Settings for the Seepage and Mechanical Simulation
The seepage boundary conditions are set as shown in Figure 7A based on the water table revealed in the site investigation and the rainfall conditions over the study area. In the seepage model, the boundary conditions at the bottom and on the highway are impervious boundaries with zero water flux (WF), those on the left and right sides below the water table are constant pore-water head (PWH) boundaries, those on the left and right sides above the water table are water unit gradient (WUG) boundaries and that on the upper surface is a water-infiltration boundary with a water flux (WF) of 50 mm/d (the seepage lasts for 1 day). To simulate the fissure development process, the depth of the fissure is set to 0, 0.5, 1.0, and 1.5 m, respectively. The boundary condition at the fissure is pore-water pressure head varying with the depth of the fissure. The saturated/unsaturated seepage theory is used in seepage calculations, and the material parameters, including the soil-water characteristic curve and hydraulic conductivity curve, are assigned to the model according to the fitted results (Unsaturated Hydraulic Characteristics of the Loess).
[image: Figure 7]FIGURE 7 | Boundary conditions for seepage calculation (A) and mechanical calculation (B).
The mechanical boundary conditions are set as shown in Figure 7B. In the mechanical model, the horizontal displacements of the left and right boundaries and the vertical displacement of the bottom boundary are fixed. The boundary conditions of the highway (with six lanes) and temporary road (with two lanes) are stress boundaries with a normal stress thereon of 10.5 kN/m (per unit width out of the plane of analysis) per lane. Other boundary conditions of the model, including the slope surface and the fissure with varying depth, are free (stress boundary with zero stress). Moreover, the pore water pressure distribution is applied to the model based on the calculation results of the seepage. The modified constitutive model in Consideration of Transverse Isotropy of Loess is used for the mechanical calculation, and the material parameters, including the cohesion, friction, deformation modulus, and bulk unit weight of the loess, are fitted based on the seepage results and assigned to the model, as shown in Settings for the Seepage-Coupled Stability Simulation.
Settings for the Seepage-Coupled Stability Simulation
Figures 8A–D show the results of the seepage calculation on the slope with a 1.5-meter-deep fissure. It can be seen from the figures that the water content and pore-water pressure on the slope surface, especially at the fissure, have increased significantly after infiltration (Jin et al., 2012; Zhou et al., 2014a; Chang et al., 2021). The seepage results are used for the mechanical analysis of the slope by the method proposed in Consideration of Water Sensitivity of Loess and the steps are as described below.
[image: Figure 8]FIGURE 8 | Fields of the pore-water pressure before (A) and after (B) rainfall infiltration; fields of the water content before (C) and after (D) rainfall infiltration; and the fitted fields of the cohesion, angle of internal friction and deformation modulus (E).
Firstly, the pore-water pressure field after rainfall infiltration (Figure 8B) is directly applied to the mechanical calculation model of the slope.
Secondly, the water content increment can be obtained by subtracting the water content field before (Figure 8C) from that after (Figure 8D) water infiltration. The mechanical parameter fields (Figure 8E), including those pertaining to the cohesion, angle of internal friction, and deformation modulus, can be calculated via Eqs. 11–13 based on the water content increment. A similar method is used to fit the bulk unit weight field via Eq. 7 based on the water content distribution after water infiltration (Figure 8D).
Finally, the fields pertaining to the cohesion, angle of internal friction, deformation modulus, unit weight and pore-water pressure are assigned to the mechanical model for slope stability analysis.
SIMULATION RESULTS AND ANALYSIS OF THE FISSURE-DEFORMATION DEVELOPMENT MECHANISM OF YANGPOYAO SLOPE
Fissure-deformation Development Process Under Rainfall and Traffic Load
Previous studies (Ma et al., 2016; Tan et al., 2017) divided the fissure-deformation development process of soil slopes under internal and external actions into the trailing-edge tensile fissure stage (initial deformation stage), side-edge shear fissure stage (uniform deformation stage), leading-edge tensile fissure stage (accelerated deformation stage), and fissure penetration stage (sharp deformation stage); however, in terms of loess slopes with seepage fissures, the fissure-deformation development process is different.
Figure 9 illustrates the schematic diagrams of the shear strength field, the distribution of the plastic zones and the displacement counter at different fissure development stages of the slope under rainfall and traffic load. The fissure-deformation development process can be back-analysed based on the data shown in Figure 9.
[image: Figure 9]FIGURE 9 | Fissure-deformation development process of the slope under rainfall and traffic load: initial stage (A), micro-crack penetration stage (B), fissure propagation stage (C) and sliding surface formation stage (D).
Initial stage (Figure 9A): there are no fissures on the slope at this stage. The slope, with a depth of soil of only about 300 mm, reaches a saturated state after rainfall infiltration (Wu et al., 2017; Hou et al., 2018), which causes a minor reduction in the strength and stiffness of the slope. The deformation of the slope under the traffic load is small, and the slope remains stable.
Micro-crack penetration stage (Figure 9B): loess contains many micro-cracks inherently, but these micro-cracks do not penetrate in a natural state (Jiang et al., 2014; Wen and Yan, 2014; Xu and Coop, 2016); however, under traffic load on the trailing-edge of the slope, the middle part of the slope surface is subjected to tensile stress, which contributes to the expansion and penetration of the micro-cracks in the soil. Rainfall infiltration reduces the strength of the soil within a certain depth of the slope surface, promoting micro-crack penetration.
Fissure propagation stage (Figure 9C): after rainfall infiltrates the soil along the penetrating micro-cracks, the strength and stiffness of the slope are significantly reduced. The reduction of the stiffness causes an increase in the deformation of the slope, and that of the strength leads to an increase in the shear and tensile failure on the slope surface. With the development of the deformation and failure zone of the slope, the fissure developed from the penetrating micro-cracks gradually propagates downwards, with further increases in the depth, width, and length of the fissure.
Sliding surface formation stage (Figure 9D): a sliding surface is initially formed along the fissure under the continuous action of rainfall and traffic load. The fissure becomes an express channel for water infiltration under precipitation (Jin et al., 2012; Zhou et al., 2014a; Chang et al., 2021). The seepage field near the fissure is greatly affected so that the strength and stiffness of the soil are correspondingly reduced, resulting in a failure zone expanding around the fissure. Meanwhile, with propagation of the fissure, the constraint of the slope near the fissure is gradually reduced, and as a result, the slope becomes more prone to deforming under traffic load. When the area of the failure zone and the magnitude of the deformation reach a certain level, the slope sliding surface gradually forms.
Deformation Development Process After Stabilisation Treatment
The study of deformation development process of the slope after stabilisation treatment is key to early warning and hazard assessment of landslides (Tu et al., 2009; Springman et al., 2013; Zhang et al., 2019). Previous studies found that the slope deformation-sliding development process is mainly divided into four stages: initial deformation, uniform deformation, accelerated deformation, and sharp deformation (sliding) (Tu et al., 2009; Xu L. et al., 2018; Chen et al., 2018; Sun et al., 2019; Li et al., 2020). However, the deformation-stabilisation development process for slopes with fissures after stabilisation treatment under rainfall and traffic load is much less frequently explored.
Figure 10 illustrates the monitored horizontal displacement of the Yangpoyao slope and the rainfall over the study site. The displacement was monitored using the deep borehole inclinometer labelled in Figure 10A, and the rainfall was monitored by rain gauges at the study site. The displacement was recorded from January 1, 2017 to June 1, 2019 (the data recorded thereafter are not presented since they are generally unchanged compared with those recorded within the first few months of 2019). During the monitoring period, two stabilisation measures were taken to prevent the fissure from further propagating. One of the treatments was that the traffic load on the slope trailing-edge was removed from February 2017, and the other was that a lawn was planted on the slope surface in the spring (especially April) of 2017, which restrained infiltration into the slope.
[image: Figure 10]FIGURE 10 | Distribution of horizontal deformation along the depth (A) and development of horizontal deformation on the surface (B) of the slope monitored by the deep borehole inclinometer.
From the deep horizontal displacements in the middle of the slope (Figure 10A), the displacements are large within the depth range from 0 to 6 m and are small at the depth below 9 m. The displacements change greatly within the depth range from 6 to 9 m, indicating that the depth of the potential sliding surface is mainly within that range. On the other hand, the depth of the potential sliding surface shown in the figure generally matches that predicted in Figures 9C,D, which indicates that the simulation in is reasonable.
From the monitored horizontal displacements of the slope surface (Figure 10B), the slope deformation development process can be divided into three stages: rapid deformation (from January 2017 to April 2017), slow deformation (from May 2017 to November 2017), and stable deformation (from December 2017). There is a significant boundary between the rapid deformation stage and the slow deformation stage, but the boundary between the slow deformation stage and the stable deformation stage is not obvious. The characteristics of each stage are described below.
In the rapid deformation stage, the total horizontal deformation of the slope increased from 0 to 400 mm in the 4 months from January 2017 to April 2017. The monthly deformation increment was 80 mm in January 2017 and increased to 150 mm in February 2017. To suppress the growing deformation and improve the stability of the slope, the traffic load on the trailing edge of the slope was removed in February 2017, as a result of which the monthly deformation increment was reduced to about 90 mm in March 2017. A lawn was planted on the slope in March 2017, preventing infiltration, reducing the monthly deformation increment in April 2017 to 10 mm.
In the slow deformation stage, the total horizontal deformation of the slope increased from 400 to 440 mm with a monthly deformation increment of 6 mm in the 7 months from May 2017 to November 2017. The average rainfall amount in July and August in 2017 reached 110 mm, but because the lawn (planted in March 2017) had grown on the slope by this stage and prevented rainfall from infiltrating into the slope along the fissure, the rainfall scarcely affected the deformation.
In the stable deformation stage, the increment of the total horizontal deformation of the slope within the 2 years (2018 and 2019) was about 30 mm. Since the deformation of the slope is very slow, it can now be recognised as a stable slope without risk of landslide.
Insights From the Stabilisation Treatment Measures
Slope stabilisation treatments generally include reducing driving forces, increasing resisting forces, or both (Chen and Liu, 2007; Wang et al., 2014). Many effective techniques have been developed to prevent landslides, such as the pile-anchor combined structure, anchor-lattice beam combined structure and micro-pile structure (Iverson et al., 2000; Chen and Liu, 2007; Tu et al., 2009; Wang et al., 2014; Tang et al., 2015); however, these methods are not completely suitable for the stabilisation treatments of loess slopes with seepage fissures considering the efficiency and cost. Based on the analysis in Fissure-deformation Development Process Under Rainfall and Traffic Load and Deformation Development Process After Stabilisation Treatment, some insights are obtained from the stabilisation measures applied to the Yangpoyao slope.
1) The presence of fissures is one of the important internal factors that affect the trend in deformation development and the stability of loess slopes (Zhou et al., 2014a; Chang et al., 2021). To avoid the development of further fissure-deformation on fissured loess slopes, it is necessary to avoid loading on the trailing edge which results in tensile stress on the slope surfaces. The tensile stress on the slopes will cause the existing micro-cracks in the loess to expand and penetrate, resulting in the formation of fissures on the slopes. The fissures act as channels for rainwater infiltration, greatly weakening the loess and posing serious threats to the stability of such slopes (Jin et al., 2012; Tang et al., 2015). For the fissured slope in the present study, one of the treatments used to avoid tensile stress zones occurring on the slope surface is to avoid traffic load too close to the trailing edge of the slope.
2) When a fissure already occurs on a loess slope (such as the Yangpoyao slope in the present study), intervention should be timeous to prevent rainwater from infiltrating through the fissure. Rainwater infiltration into the interior of the slope will greatly reduce the strength and stiffness of the loess, causing larger deformation and plastic zones under the roadway. Furthermore, the existing fissure propagates with greater rainwater infiltration to the further detriment of the stability, eventually resulting in a landslide. For the fissured slope in the present study, one of the efficient and economical treatments to prevent rainwater from infiltrating through the fissure is to plant lawns on the slope.
3) The increasing deformation and decreasing stability of fissured loess slopes are related to the rise of water table and the increase in pore-water pressure (as shown in Figure 2). For the fissured slopes after stabilisation measures were implemented, monitoring of the displacement and seepage field (including the depth of groundwater table and pore-water pressure) should be strengthened to ensure the long-term stability of the slope.
CONCLUSION
The fissure-deformation development process is an important stage of the failure evolution process of loess slopes under rainfall and traffic load, and understanding the mechanism of fissure-deformation development is key to the hazard assessment and prevention of slope failures. In the present study, a typical highway slope on the Chinese Loess Plateau was taken as a case study to investigate such mechanism. The hydraulic-mechanical properties of the Q2 loess were studied through experiments, and a new simulation method that considers the water sensitivity and transverse isotropy of the loess was proposed. The following conclusions can be drawn:
1) The Q2 loess exhibits strong water sensitivity, which is reflected in the mechanical parameters exhibiting a high correlation with the water content: the cohesion, angle of internal friction, and deformation modulus vary in a quasi-linear manner with the water content.
2) The water sensitivity and transverse isotropy of the loess can be considered in numerical simulation using the proposed method: the water sensitivity is considered by correlating the mechanical parameter fields with the seepage field, and the transverse isotropy is considered by using the enhanced model which combines the logic of the transversely elastic model with that of the ubiquitous-joint model.
3) The fissure-deformation development process of the loess slope under rainfall and traffic load can be summarised into three stages: micro-crack penetration, fissure propagation, and sliding surface formation. Each stage is affected by the combined effects of the rainfall and load, where the role of the load is to create the stress conditions necessary for fissure-deformation development, and that of the rainfall infiltration is to reduce the strength and stiffness of the slope soil.
4) Loess slopes should not be loaded close to their trailing edge to prevent fissures from occurring on the slope surface, however, when a fissure already has developed on the slope, planting lawn on the slopes is an effective and economical means of preventing rainwater infiltration into the body of the slope. The stabilisation process of fissured loess slopes after treatment can be summarised as one involving three stages: rapid deformation, slow deformation, and stable deformation; the transition from the rapid deformation stage to the slow deformation stage is a sign that the slope tends to be stable.
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Flexural toppling failure is a common failure mode of natural and artificial rock slopes, which has caused serious damage to human life and property. In this work, an advanced numerical method called the Universal Distinct Element Code (UDEC) was used to study the mechanism of flexural toppling failure. In total, more than twenty slope models were built and analyzed. Two new parameters (displacement discontinuity and transition coefficient of failure surface) were introduced to present a further understanding of flexural toppling. The results show the failure zone of rock slopes subjected to flexural toppling includes two parts: the first-order instability part (FOIP) and the independent toppling zone (ITZ). The FOIP can be further divided into two subzones: the sliding zone (SZ) and the superimposed toppling zone (STZ). The occurrence of surface deformation discontinuities is the precursor to flexural toppling failure. The first displacement discontinuity occurs on the boundary between the FOIP and the ITZ. The angle, spacing, and angle of the joints, the angle of the slope has a significant influence on the stability of anti-dip bedding rock slopes. However, they do not affect the deformation and failure pattern of the slope.
Keywords: rock slopes, flexural toppling failure, discrete element method, stability analysis, displacement discontinuity
INTRODUCTION
Flexural toppling failure often occurs in artificial and natural slopes with anticlinal bedding structures (called anti-dip bedding rock slopes, as shown in Figure 1), which has been recognized and studied for several decades. Anti-dip bedding rock slopes are a very common type of slope in nature, accounting for 33% of all landslides (Huang and Li, 2011). Ashby (1971) proposed the concept of “toppling”, and De Freitras and Watters (1973) verified the phenomenon through field observations. Then, toppling failure has been considered as an important failure type as sliding. To better analyze it, Goodman and Bray (1976) proposed an exclusive classification for toppling instabilities, and flexural toppling is one of them.
[image: Figure 1]FIGURE 1 | An anti-dip bedding rock slope facing Bohai Sea in China modified from Zhao et al. (2020).
In a two-dimensional model, rock layers in such failure behave like cantilever beams, which bend and deform under the combined action of gravity and external loads. Aydan and Kawamoto (1992) used the solid mechanics of cantilever beams to analyze this type of failure and proved it by base friction tests. Centrifugal tests and physical model tests under excavation at the toe area of the slope were also employed by many researchers (Adhikary et al., 1997; Zheng et al., 2019; Zheng et al., 2018a; Zhu et al., 2020). Based on these experimental results, they made some improvements for the analytical method and gave suggestions for the reinforcement of the slope. Meanwhile, Ning et al. (2019) and Li et al. (2019) used shaking tables to simulate this type of failure under seismic load. The shaking table was also utilized by Fan et al. (2016) to discuss the effect of the weak intercalation on the failure patterns of anti-dip bedding rock slopes. In addition to seismic load, Ning et al. (2021) and Gu and Huang (2016) suggested that the river downcutting should also be considered as an incentive of flexural toppling failure.
Numerical tools are also often employed by scholars and engineers to discuss and analyze flexural toppling failure, especially when the geological conditions of the slope were very complex. A finite element method was undertaken by Adhikary and Dyskin (2007) to analyze their physical model tests. Based on the distinct lattice spring model, Lian et al. (2018) analyzed flexural toppling failure by incorporating the gravity increase method. Zhang et al. (2020) tried to take the discontinuous deformation analysis (DDA) to simulate the tensile failure of blocks in toppling mode, but this method needs to add contacts at the failure surface in advance. As a commercial software commonly used in geotechnical engineering, the universal distinct element code (UDEC) was also utilized by a lot of researchers. For example, Alzo’ubi et al. (2010) used it to analyze the effect of tensile strength on the stability of slopes. Zheng et al. (2019a) used it to investigate the influence of rock bolts on the failure patterns. Weng et al. (2020) implemented a new failure criterion into this software to predict this failure.
As outlined above, many scholars have studied the mechanism of flexural toppling failure through theoretical analysis, model tests, and numerical simulation since its recognition as an important failure mode. However, the whole process of initiation, development, and penetration of the failure surface of the slope subjected to flexural toppling is still unclear. Compared to model tests, numerical simulations are less expensive and allow easy access to parameters that cannot be measured in model tests (Zhang et al., 2019; Wang et al., 2020; Yang et al., 2020; Meng et al., 2021; Yan et al., 2021). UDEC is ideal in modelling jointed rock masses since it can simulate both the behavior of the intact rock and the joints (Itasca, 2004). Furthermore, UDEC can simulate large deformations, such as tensile cracks between rock layers, which are a key feature of toppling failure. In this work, UDEC is thus used to investigate flexural toppling failure in rock slopes with various geometric and mechanical parameters. Two new parameters (displacement discontinuity and transition coefficient of failure surface) are introduced to present a further understanding of this type of failure. Moreover, based on the results of systematic numerical simulations, the whole evolution process of flexural toppling failure is discussed.
UNIVERSAL DISTINCT ELEMENT CODE MODEL
Model Configuration and Boundary Conditions
In order to understand the fundamental mechanism of flexural toppling in rock slopes, the basic calculation model used in this work is an ideal anti-dip bedding rock slope (Figure 2). The slope height and angle are 40 m and 63°, respectively, and the joint spacing and angle are 1.6 m and 78°, respectively. The geometric and mechanical parameters of the model are shown in Table 1.
[image: Figure 2]FIGURE 2 | Geometry and boundary conditions of the basic model used in this work (Length unit: m).
TABLE 1 | Slope parameters used in the numerical simulations.
[image: Table 1]Displacement constraints were used in the numerical simulation. Specifically, horizontal and vertical displacements at the base of the model were constrained while only the horizontal displacement was restricted at the lateral boundaries. A series of monitoring points (1 m apart) were laid out on the surface of the slope to monitor the horizontal and vertical displacement. The number of the measuring points is assigned as No.1 to No.46 starting from the toe of the slope to the top of the slope, as illustrated in Figure 2.
Constitutive Model and Model Parameters
The deformation and failure of anti-dip bedding rock slopes involve both intact rock and joints. In this work, two commonly used constitutive models, namely the Mohr-Coulomb model and the Coulomb slip model, were employed to describe the mechanical behavior of the intact rock and the joints, respectively.
Toppling failure mostly occurs in slopes with lithology or lithological combination of thin layered slate, schist, slate, sandstone, and muddy limestone (Tu et al., 2007; Amini et al., 2018; Zheng et al., 2018a; Huang et al., 2018; Zhang et al., 2018; García-Moya et al., 2019; Ning et al., 2021). This work relies on an actual limestone slope facing the Jingzhu Road in Southern China (Zheng et al., 2018a). Therefore, the lithology modelled in this work is limestone with low strength. The parameters used in the calculations are summarized in Table 1.
Influencing Factors Studied in the Simulation
In order to have a comprehensive understanding of the flexural toppling mechanism, four factors were studied in the simulations: angle of the joints, spacing of the joints, strength of the joints, and angle of the slope. Each factor includes 6 to 11 scenarios, and there are 26 models in total. It is important to note that a univariate analysis is used, i.e., when analyzing the influence of one parameter on the flexural toppling, the other parameters keep constant.
RESULTS ANALYSIS
In this section, distribution characteristics of the surface displacement and the plastic zone were studied to access the whole process of formation of the failure surface of the slope, and thus reveal the mechanism of flexural toppling failure. Moreover, the factors that play a controlling role in flexural toppling can be also found. Whether the surface displacement is perpendicular to the joints is a preliminary indication of flexural toppling. If it is perpendicular to the joints, the slope is likely to experience flexural toppling failure, otherwise the slope is experiencing sliding failure.
Effect of the Joint Angle
The prerequisite to the occurrence of toppling failure is that rock layers are misaligned with each other (Goodman and Bray, 1976). In the shallow part of the slope, the direction of the maximum principal stress is approximately parallel to the surface of the slope, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Toppling stability analysis in an anti-dip bedding rock slope (Goodman and Bray, 1976).
Only when the angle between the maximum principal stress and the normal to the joints is greater than the friction angle of the joints (ignoring the joint cohesion), mutual misalignment between adjacent rock layers is possible. It can be written as (Goodman and Bray, 1976):
[image: image]
where [image: image]and [image: image] are the angle of the slope and the angle of the joints, respectively, and [image: image] is the friction angle of the joints.
The stability of rock slopes in six cases of [image: image] = 40°, 50°, 60°, 70°, 78°, and 90° were studied in the numerical simulations. Figure 4 shows the distribution of horizontal displacement (xdis), vertical displacement (ydis), and ydis/xdis for each measuring point for different joint angles. The vertical black dashed line indicates the position of the crest of the slope and the vertical red solid line indicates the position where the first displacement discontinuity (FDD) occurs. The horizontal solid line indicates the value of [image: image](the angle of the normal to the joints), which is used to determine the direction of the displacement. ydis/xdis = [image: image] means that the direction of the displacement is perpendicular to the joints, which is an important feature of toppling deformation.
[image: Figure 4]FIGURE 4 | Surface displacement distribution of slope for different joint angles ([image: image]). [image: image] and [image: image]: Measuring points corresponding to the slope crest and first displacement discontinuity, respectively.
From Figure 4, we can find that, as the value of [image: image] increases, the slope displacement tends to increase first and then decrease. The measuring point with the largest displacement is not necessarily located at the crest of the slope. When there are displacement discontinuities, the largest displacement tends to occur at the position where the first displacement discontinuity occurs, as shown in Figure 4D, Figure 3F. When [image: image] = 40°, the value of ydis/xdis at most measuring points is less than [image: image], which means that the direction of the displacement is not perpendicular to the joints. In other words, insignificant toppling deformation of the slope occurs. However, as the value of [image: image] exceeds 50°, the displacement direction below the crest of the slope is approximately perpendicular to the joints, except for the points near the toe of the slope. That is, the slope exhibits typical characteristics of toppling failure. As the value of [image: image] increases to 90°, the displacement direction after the crest of the slope is no longer perpendicular to the joints and the toppling deformation becomes unremarkable.
Figure 3 indicates that no displacement discontinuities are found at [image: image] = 40° and 50°. However, the situation changes immediately when the value of [image: image] exceeds 50°. Displacement discontinuity means that a tensile crack appears at the corresponding position along the joint, as shown in Figure 4D. The first tensile crack above the toe of the slope forms the trailing boundary of the first-order instability part (FOIP) and controls its range. Thus, the location of the first displacement discontinuity is a key factor in the analysis of toppling failure. To analyze this factor quantitatively, a new parameter named transition coefficient of failure surface ([image: image]) is introduced:
[image: image]
where [image: image] and [image: image] are the measuring point numbers at the first displacement discontinuity and the crest of the slope, respectively.
The variation in the value of transition coefficient of failure surface ([image: image]) as a function of joint angle ([image: image]) is plotted in Figure 5A. It is seen that the value of [image: image] tends to increase overall as the value of [image: image] increases, which indicates that the trailing boundary of the FOIP gradually moves upwards.
[image: Figure 5]FIGURE 5 | Failure distribution of the slope for different joint angles ([image: image]). (A): Relationship between the transition coefficient of failure surface and the joint angle; (B–E): Plots show the simulated plastic zone for different joint angles.
Figures 4B–E show the simulated plastic zone obtained using UDEC for different joint angles ([image: image]). Due to the similarity in the distribution of plastic zone at [image: image] = 60°, 70°, and 78°, only a representative one [image: image] = 78° is shown here. It can be found that the plastic zone only appears around the toe of the slope at [image: image] = 40°. The corresponding displacement distribution indicates that no tensile cracks occur along the joints (Figure 4D). The slope is therefore stable when [image: image] = 40°, which is consistent with the result obtained from the criteria (Eq. 1) proposed by Goodman and Bray (1976). When the value of [image: image] increases to 50°, a through plastic zone is formed from the toe to the top of the slope, which indicates that the slope undergoes a complex shearing–flexural toppling failure (Figure 5C). Although there is no through plastic zone within the slope at [image: image] = 78°, conditions for the formation of a landslide are met: the plastic zone forms the sliding surface, and the tensile crack forms the rear boundary of the sliding body (Figure 5D). Under the action of gravity, rock mass above the plastic zone moves towards the toe of the slope, thus forming the FOIP. After this, due to a large space available, the rock layer adjacent to the free surface undergoes a significant toppling deformation until instability occurs (Figure 6). In this case, the rock layer works as a cantilever beam and the forces acting on both the left and right sides can are zero. Similar deformation and failure occur in other layers above until the length of the cantilevered section is less than the corresponding self-stabilizing height (Zheng et al., 2018a).
[image: Figure 6]FIGURE 6 | Displacement and plastic zone distribution of the upper rock layers after the formation of the FOIP. (A): Displacement distribution; (B) Plastic zone distribution.
Effect of the Joint Spacing
Joint spacing ([image: image]) has been found to be an important factor affecting the stability of anti-dip bedding rock slopes (Adhikary et al., 1997; Adhikary and Dyskin, 2007; Zheng et al., 2020a). Here, six cases of [image: image]= 0.5, 1.0, 1.6, 2.0, 2.5, and 3.0 m were simulated to further investigate the effect of joint spacing on the deformation and failure patterns of this kind of slope. Figure 7 shows the distribution of horizontal displacement (xdis), vertical displacement (ydis) and ydis/xdis at each measuring point for different joint spacing. Figure 8 shows the failure distribution of the slope for different joint spacing ([image: image]).
[image: Figure 7]FIGURE 7 | Surface displacement distribution of slope for different joint spacing ([image: image]). [image: image] and [image: image]: Measuring points corresponding to the slope crest and first displacement discontinuity, respectively.
[image: Figure 8]FIGURE 8 | Failure distribution of the slope for different joint spacing ([image: image]). (A): Relationship between the transition coefficient of failure surface and the joint spacing; (B,C): The simulated plastic zone obtained using UDEC for different joint spacing.
It can be seen from Figure 7 that the surface displacement tends to increase and then decrease as the joint spacing increases and the maximum value occurs at the first displacement discontinuity. Except for the measuring points after the crest of the slope at [image: image]= 0.5 m, the direction of the surface displacement is basically the same for different joint spacing. They all show that the displacement at most points is perpendicular to the joints, except for a few points near the toe area of the slope. In other words, the deformation of the slope is dominated by toppling in all cases. These imply that joint spacing has an insignificant effect on the deformation pattern of this kind of slope. Displacement discontinuities (tensile cracks) occur in all cases. From Figure 8A, it can be seen that the first displacement discontinuity moves upwards as the value of [image: image] increases. The first displacement discontinuity is located below the crest of the slope when [image: image] < 2.5 m, and above the crest after reaching 2.5 m.
Figures 7B,C shows the simulated plastic zone obtained using UDEC for different joint spacing ([image: image]). It should be noted that the distribution of the plastic zone within the slope is similar for different joint spacing, so only the results for [image: image] = 0.5 and 1.0 m are shown here. It can be seen that several rock layers at the toe area undergo shear failure while those above undergo complex tensile-shear failure. The range of the FOIP for [image: image] = 0.5 m is less than that for [image: image] = 1.0 m. This is because the smaller the joint spacing, the lower the bending resistance of the rock layer, and the smaller the corresponding range of self-stabilizing rock layers at the toe area of the slope (Zheng et al., 2018b; 2019b).
Effect of the Joint Strength
According to Eq. (1), to prevent the slope from toppling failure, the friction angle of the joints ([image: image]) needs to be greater than a critical value, [image: image]. Taking [image: image] = 78° and [image: image] = 63° into the equation gives [image: image] = 51° for the basic model. In this work, the deformation and failure mechanism of slopes were analyzed for eleven cases: [image: image]= 0°, 6°, 12°, 18°, 24°, 30°, 36°, 42°, 48°, 54°, and 60°. Figure 9 shows the distribution of horizontal displacement (xdis), vertical displacement (ydis) and ydis/xdis at each measuring point for different joint friction angles. It should be noted that, for the sake of simplicity, only representative graphics are shown. Figure 10 shows the failure distribution of the slope for different joint friction angles ([image: image])
[image: Figure 9]FIGURE 9 | Surface displacement distribution of slope for different joint friction angles ([image: image]).[image: image] and [image: image]: Measuring points corresponding to the slope crest and first displacement discontinuity, respectively.
[image: Figure 10]FIGURE 10 | Failure distribution of the slope for different joint friction angles ([image: image]). (A): Relationship between the transition coefficient of failure surface and the joint friction angles; (B–E): The simulated plastic zone for different joint friction angles.
It can be seen that, when [image: image] = 0°, 12°, and 36°, the surface displacements do not differ much, and the maximum values are all located at the first displacement discontinuity. However, after [image: image] reaches the value of 60°, the surface displacements decrease sharply. Moreover, the first three cases all show discontinuities in surface displacement (i.e., tensile cracks) whereas when [image: image] = 60°, it is continuous. The position of the first displacement discontinuity (trailing boundary of the FOIP) generally moves upwards as the value of [image: image] increases (Figure 10A).
Figures 9B–E show the simulated plastic zone obtained using UDEC for different joint friction angles ([image: image]). It can be seen that, for [image: image] = 0°, 12°, and 36°, the FOIP is formed within each slope, which means that the corresponding slope has failed. However, no plastic zone occurs within the slope for [image: image] = 60° and it is in a stable state. The simulated results demonstrate that it is feasible to estimate the critical friction angle using the equation of [image: image].
Effect of the Cut Slope Angle
The angle of the slope ([image: image]) is a key parameter in slope design. The toppling stability of an anti-dip bedding rock slope is also closely related to the value of [image: image](Eq. 1). Here, six cases of [image: image]= 30, 43, 53, 63, 73, and 83° were studied using UDEC. Figure 11 shows the distribution of horizontal displacement (xdis), vertical displacement (ydis) and ydis/xdis at each measuring point for different joint friction angles (only representative graphics are shown). Figure 12 shows the failure distribution of the slope for different slope angles ([image: image]).
[image: Figure 11]FIGURE 11 | Surface displacement distribution of slope for different slope angles ([image: image]).[image: image] and [image: image]: Measuring points corresponding to the slope crest and first displacement discontinuity, respectively.
[image: Figure 12]FIGURE 12 | Failure distribution of the slope for different slope angles ([image: image]). (A): Relationship between the transition coefficient of failure surface and the slope angle; (B–E): The simulated plastic zone obtained using UDEC for different slope angles.
From Figure 11, it can be found that the surface displacement increase as the slope angle increases and the position of the maximum displacement point varies with [image: image]. The larger the value of [image: image], the closer the maximum displacement point is to the toe of the slope. The displacement direction is insensitive to the change of the angle of the slope. Except for a few points near the toe of the slope, the displacement vector of each point is basically perpendicular to the joints (xdis/ydis≈[image: image]), regardless of the slope angle taken, and all slopes present typical characteristics of toppling deformation.
Figure 11 also shows that when [image: image] = 30°, no displacement discontinuities occur on the surface of the slope. However, the situation changes immediately as the value of [image: image] exceeds 30°, which implies that the occurrence of slope instability. As the value of [image: image] increases, the overall trend of [image: image] deceases (Figure 12A), indicating that the larger the value of [image: image], the closer the first displacement discontinuity (tensile crack) is to the toe of the slope. The reason for this is that the larger the angle of the slope, the less stable the rock layer is, and thus the smaller the range of the self-stabilizing section of the rock layers.
Figures 11B–E shows plots of the simulated plastic zone obtained using UDEC for different slope angles ([image: image]). When [image: image] = 30°, the absence of a through plastic zone within the slope means that the slope is in a stable state. However, the distribution of plastic zones in other cases differs considerably from it. The plastic zone and the tensile crack form the bottom slip surface and the trailing boundary of the sliding body, respectively, which means that the slope is unstable (Figure 12c–12E). The results show that whether a slope undergoes flexural toppling failure or not is closely related to the angle of the slope.
DISCUSSION
Based on the results of the above numerical simulation, we can find that flexural toppling failure starts at the toe of the slope (Figure 13). Under the combined action of gravity and pushing forces from the upper rock layers, the layers at the toe area of the slope are the first to lose stability. The instability mode of each rock layer is controlled by the relative magnitude of its resistance to bending and shearing. If the bending resistance of a rock layer is greater than its shearing resistance, the layer undergoes shearing failure; otherwise, it undergoes flexural toppling failure (Zheng et al., 2018a; 2018b).
[image: Figure 13]FIGURE 13 | The failure zones of an anti-dip bedding rock slope. SZ: sliding zone; STZ: superimposed toppling zone; FOIP: first-order instability part.
Due to the small ratio of height to width of the rock layers around the toe of the slope, they have strong bending resistance and are therefore less prone to toppling failure. Under the combined action of gravity and pushing forces from the upper rock layers, the layers at the toe area often undergo shearing failure, forming the sliding zone (SZ). However, as the distance from the toe of the slope increases, the bending resistance of rock layers decreases due to the increase of the layer height. Then, the failure mode of rock layers gradually changes from shearing to flexural toppling, forming the superimposed toppling zone (STZ). Flexural toppling failure extends to the first displacement discontinuity (tensile crack), at which point a through plastic zone appears within the slope (Figure 5D). The through plastic zone referred to here is a penetration to the tensile crack rather than the surface of the slope, forming the boundaries of the first-order instability part (FOIP) together. After the occurrence of FOIP, the upper rock layers then have enough space for deformation that they undergo flexural toppling failure under the action of gravity, forming the independent toppling zone (ITZ), as shown in Figure 14.
[image: Figure 14]FIGURE 14 | The failure process after the formation of the first-order instability part (FOIP). ITZ: independent toppling zone.
The failure surface of an anti-dip bedding rock slope is a complex stepped surface rather than a simple plane (Figure 13). Thus, finding the failure surface is a hard issue in carrying out stability assessment of this kind of slope. Limit equilibrium methods combined with optimization algorithms such as Genetic Algorithm and Bi-directional Evolutionary Structural Optimization (BESO) method have proved to be effective means of solving this problem (Zheng et al., 2020a, 2020b, 2021; Liu et al., 2021). Taking the first displacement discontinuity as the boundary, the lower rock layers are in close contact with each other despite the occurrence of interlayer slip, and the overall deformation is characterized as ‘superimposed cantilever beams’. However, for the upper rock layers, tensile cracks appear between adjacent layers, and the side forces is approximately zero. Each rock layer can be considered as an ‘independent cantilever beam’ (Figure 14). Thus, separate mechanical models need to be developed for these two parts of the rock layers (Zheng et al., 2018a).
CONCLUSION
In this work, the mechanism of flexural toppling failure in anti-dip bedding rock slopes is systematically studied using numerical simulation, and the main conclusions obtained are as follows:
1) The failure zone of rock slopes subjected to flexural toppling includes two parts: the first-order instability part (FOIP) and the independent toppling zone (ITZ). The FOIP can be further divided into two subzones: the sliding zone (SZ) and the superimposed toppling zone (STZ).
2) The mechanical behaviors of rock layers in the FOIP and ITZ are different. In the FOIP, rock layers are in close contact with each other and behave as “superimposed cantilever beams”. However, the layers in the ITZ behave as “superimposed cantilever beams” and can deform freely.
3) The occurrence of surface deformation discontinuities can be considered to be a precursor to flexural toppling failure and the first displacement discontinuity is the boundary between the FOIP and the ITZ.
4) The angle of the joints, spacing of the joints, strength of the joints, and angle of the slope have significant influences on the stability of anti-dip bedding rock slopes. However, their variations do not change the deformation and failure pattern of the slope.
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[image: image] Angle of the joints
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FOIP First-order instability part of the slope
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Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Zheng, Wang, Chen and Meng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 26 October 2021
doi: 10.3389/feart.2021.761990


[image: image2]
Developing an XGBoost Regression Model for Predicting Young’s Modulus of Intact Sedimentary Rocks for the Stability of Surface and Subsurface Structures
Niaz Muhammad Shahani1,2, Xigui Zheng1,2,3,4*, Cancan Liu1,2, Fawad Ul Hassan1,5 and Peng Li1,2
1School of Mines, China University of Mining and Technology, Xuzhou, China
2Key Laboratory of Deep Coal Resources Mining, Ministry of Education of China, School of Mines, China University of Mining and Technology, Xuzhou, China
3School of Mines and Civil Engineering, Liupanshui Normal University, Liupanshui, China
4Guizhou Guineng Investment Co., Ltd., Liupanshui, China
5Department of Mining Engineering, Balochistan University of Information Technology, Engineering and, Management Sciences, Quetta, Pakistan
Edited by:
Zetian Zhang, Sichuan University, China
Reviewed by:
Harsha Vardhan, National Institute of Technology, India
Yingchun Li, Dalian University of Technology, China
* Correspondence: Xigui Zheng, cumt_ckzxg@126.com
Specialty section: This article was submitted to Geohazards and Georisks, a section of the journal Frontiers in Earth Science
Received: 20 August 2021
Accepted: 12 October 2021
Published: 26 October 2021
Citation: Shahani NM, Zheng X, Liu C, Hassan FU and Li P (2021) Developing an XGBoost Regression Model for Predicting Young’s Modulus of Intact Sedimentary Rocks for the Stability of Surface and Subsurface Structures. Front. Earth Sci. 9:761990. doi: 10.3389/feart.2021.761990

Young’s modulus (E) is essential for predicting the behavior of materials under stress and plays an important role in the stability of surface and subsurface structures. E has a wide range of applications in mining, geology, civil engineering, etc.; for example, coal and metal mines, tunnels, foundations, slopes, bridges, buildings, drilling, etc. This study developed a novel machine learning regression model, namely an extreme gradient boosting (XGBoost) to predict the influences of four inputs such as uniaxial compressive strength in MPa; density in g/cm3; p-wave velocity (Vp) in m/s; and s-wave velocity in m/s on two outputs, namely static Young’s modulus (Es) in GPa; and dynamic Young’s modulus (Ed) in GPa. Using a series of basic statistical analysis tools, the accompanying strengths of each input and each output were systematically examined to classify the most prevailing and significant input parameters. Then, two other models i.e., multiple linear regression (MLR) and artificial neural network (ANN) were employed to predict Es and Ed. Next, multiple linear regression and ANN were compared with XGBoost. The original dataset was allocated as 70% for the training stage and 30% for the testing stage for each model. To improve the performance of the developed models, an iterative 10-fold cross-validation method was used. Therefore, based on the results XGBoost model has revealed the best performance with high accuracy (Es: correlation coefficient (R2) = 0.998; Ed: R2 = 0.999 in the training stage; Es: R2 = 0.997; Ed: R2 = 0.999 in the testing stage), root mean square error (RMSE) (Es: RMSE = 0.0652; Ed: RMSE = 0.0062 in the training stage; Es: RMSE = 0.071; Ed: RMSE = 0.027 in the testing stage), RMSE-standard deviation ratio (RSR) index value (Es: RSR = 0.00238; Ed: RSR = 0.00023 in the training stage; Es: RSR = 0.00304; Ed: RSR = 0.001 in the testing stage) and variance accounts for (VAF) (Es: VAF = 99.71; Ed: VAF = 99.99 in the training stage; Es: VAF = 99.83; Ed: VAF = 99.94 in the testing stage) compared to the other developed models in this study. Using a novel machine learning approach, this study was able to deliver substitute elucidations for predicting Es and Ed parameters with suitable accuracy and runtime.
Keywords: dynamic Young’s modulus, k-fold crosses validation, machine learning, predictive modeling, static Young’s modulus, XGBoost
INTRODUCTION
Young’s modulus (E) is important for predicting the behavior of materials under load and plays a key part in the stability of surface and subsurface structures. E has a broad application in mining, geology, civil engineering, etc., i.e., coal and metal mines, tunnels, foundations, slopes, bridges, buildings, drilling, etc. Computation of accurate rock deformation properties, especially E is essential to the design of any rock engineering or rock mechanics project. Several researchers have studied the deformation and behavior of various types of rocks (Zhao et al., 2017; Rahimi and Nygaard, 2018; Davarpanah et al., 2019; Xiong et al., 2019). Generally, there are two common techniques, static and dynamic, employed to measure E. Static Young’s modulus (Es) is generally acquired as the digression of the stress-strain curve at 50% of the maximum strength of the rock core sample. The dynamic Young’s modulus (Ed) can be determined if the density of the rock along with the velocities of compressional and shear waves is known. In rock engineering, the variation between Es and Ed has been broadly investigated (Brotons et al., 2016). Normally, the value of Ed is slightly greater than the Es studied by various researchers (Zhang, 2006; Kolesnikov, 2009). The ratio between Ed and Es was calculated to range between 1 and 20 (Wang, 2000).
Typically, there are two common techniques, such as destructive and non-destructive, to estimate the strength and deformation of rocks. According to the recommended standards of the International Society of Rock Mechanics (ISRM) and the American Society for Testing Materials (ASTM), the use of destructive testing in the laboratory to directly estimate E is complex, time-consuming and expensive process. At the same time, sample preparation is quite difficult in the case of fragile, internally damaged, thin and highly foliated rocks (Jing et al., 2020). Thus, attention must be paid to the indirect evaluation of E through the use of rock index tests. Many researchers have established prediction models to overcome these shortcomings by employing soft computing methods such as artificial neural network (ANN), multiple regression analysis (MRA) and other novel machine learning approaches (Lindquist et al., 1994; Singh and Dubey, 2000; Tiryaki, 2008; OzcelikBayram et al., 2013; Abdi et al., 2018; Teymen and Mengüç, 2020; Cao et al., 2021; Yang et al., 2020; Duan et al., 2020). Waqas et al. used linear and nonlinear regression, regularization and ANFIS (using neuro-fuzzy inference system) to predict the Ed of sedimentary rocks (Waqas and Ahmed, 2020). Abidi et al. proposed the ANN and MRA (linear) methods for predictive modeling of E using input variables like porosity in %; dry density (γd) in g/cm3; P-wave velocity (Vp) in km/s; and water absorption (Ab) in %. The results indicated that the ANN model outperformed the MRA (Abdi et al., 2018). Davarpanah et al. developed linear and nonlinear relationships between static and dynamic deformation parameters of various rocks and found strong correlations between them (Davarpanah et al., 2020). Aboutaleb et al. conducted non-destructive experiments with SRA (simple regression analysis), MRA, ANN and SVR (support vector regression) and found that ANN and SVR models were more accurate in predicting Ed (Aboutaleb et al., 2018). Mahmoud et al. predicted the Es of sandstone using an ANN network with 409 data events in the training phase and 183 data events in the testing phase. The developed ANN model predicted Es with a high correlation coefficient (R2 = 0.999) and minimum mean absolute percentage error (AAPE = 0.98%) (Mahmoud et al., 2019). Elkatatny developed an ANN network for predicting Ed from the drilling parameters. The study showed encouraging results (Elkatatny, 2021). Elkatatny et al. was first to correlate Es prediction results from different models such as ANN, ANFIS and SVM. The established correlations improved the accuracy of the estimated Es (Elkatatny et al., 2019). Cao et al. employed the novel approach of supervised machine learning, namely an extreme gradient boosting (XGBoost) combined with the firefly algorithm (FA) to predict E. The results showed that the proposed approach is suitable for predicting E.
Based on the above literature and to the best of author’s knowledge, XGBoost machine learning method has rarely been used, especially in combination with ANN and MLR, for predictive modeling of E of rocks. Due to limitations of the conventional predictive methods, the prediction of E with machine learning approaches plays a key role in determining the accuracy of the corresponding data of tests performed in the laboratory. In this novel study, XGBoost is developed for predicting Es and Ed using four input parameters, i.e., uniaxial compressive strength (UCS) in MPa; density in g/cm3; p-wave velocity (Vp) in m/s; and s-wave velocity (Vs) in m/s, complimented with ANN and MLR. Then, the original dataset of 64 data points is split as 70% for the training stage and 30% for the testing stage. To improve the performance of the machine learning model, an iterative 10-fold cross-validation method is used.
MATERIALS AND METHODS
Construction of a Dataset
Several multivariate parameters of intact sedimentary rocks (marlstone, sandstone, and limestone) are already reported (Moradian and Behnia, 2009) to have been used as inputs to predict the static Young’s modulus (Es) and dynamic Young’s modulus (Ed), which include uniaxial compressive strength (UCS) in MPa; density in g/cm3; p-wave velocity (Vp) in m/s; and s-wave velocity (Vs) in m/s. There were a total of 64 events with no missing data. Table 1 shows the original dataset and statistical distribution in this study.
TABLE 1 | Original dataset with statistical distribution in this study.
[image: Table 1]In this study, to visualize the original dataset of E, the seaborn module in Python was used. Figures 1A,B illustrate a pairwise scatter of the kernel density estimation (KDE). The purpose of building a KDE pairwise plot is to examine the association between any two influencing parameters in the original dataset. Based on Figures 1A,B, all the input parameters have a moderate to strong positive correlation with both Es and Ed. Next, Figures 2A,B highlight the diagonal correlations between the input and output parameters. The seaborn module in Python was used for diagonal correlation heatmaps to develop the correlation coefficients of multiple inputs with Es and Ed. Correlation coefficient values are specified in the light red to dark red color for Es and light purple to dark purple for Ed. According to Figures 2A,B, the overall correlation coefficients between the input and output parameters are relatively high. Therefore, all parameters were incorporated to improve the accuracy of the final probabilistic prediction framework in the Es and Ed circumstance. Figure 3 depicts the flow chart of the study.
[image: Figure 1]FIGURE 1 | Pairwise relationship of input parameters and outputs (A) Es and (B) Ed in the dataset.
[image: Figure 2]FIGURE 2 | Correlation plot of input parameters and outputs (A) Es and (B) Ed in the dataset.
[image: Figure 3]FIGURE 3 | Flow chart of the study.
Methods
Multiple Regression Analysis
Multiple regression analysis (MRA) can be classified into linear and nonlinear regression. However, this study has implemented the multiple linear regression (MLR) as a result of multiple variables using SPSS (version 23). MLR is a numerical method that uses multiple descriptive parameters to estimate the output of a reporting parameter. The MLR method is used to obtain the best-fit relationship between the parameters. Generally, MLR can be employed to establish the association between independent (input) and dependent (output) parameters. In this study, the MLR technique was used to predict Es and Ed, respectively. The MLR relationship between the inputs and output can usually be expressed by Eq. 1.
[image: image]
where, D depicts the output parameter, [image: image] denotes the regression constant, [image: image]–[image: image] are the coefficients of regression and [image: image]–[image: image] are the input variables.
Based on the consequences of MLR, Es and Ed are predicted by the established linear expressions as shown in Eqs 2, 3.
[image: image]
[image: image]
where, [image: image] and [image: image] are static and dynamic Young’s modulus in GPa, respectively. UCS represents uniaxial compressive strength in MPa, Vp and Vs are the p-wave and s-wave velocities in m/s, respectively.
Artificial Neural Network
Artificial neural network (ANN) is among many supervised machine learning methods and has found wide application in a variety of fields. An ANN consists of three components, i.e., input layers, hidden layers, and an output layer. The structure of ANN and the choice of hidden layers and neurons play a crucial part in ascertaining its performance (Chester, 1990). The feedforward back-propagation (FFBP) neural network, a multilayer perceptron network, was used owing to its simple process and wide applicability. Back-propagation (BP) is one of the most efficient and commonly employed learning algorithms in multi-layer networks (Cevik et al., 2011; Hajihassani et al., 2014). Each network must contain sufficient neurons depending on the application of ANN. Neurons of a given layer are connected to the neurons of the subsequent consecutive layer with every connection having a certain weightage (Atkinson and Tatnall, 1997). Equation 4 is employed to estimate the approximate number of neurons in the hidden layer ([image: image]), since the inappropriate selection of the neurons in the hidden layer often leads to “under-fitting” and “over-fitting” and must be prevented. Figure 4 represents the basic structure of the ANN network for predicting Es and Ed in this study.
[image: image]
where, N1 denote the total number of inputs.
[image: Figure 4]FIGURE 4 | Basic architecture of ANN network.
In order to build the net input n, the weighted input [image: image] is connected to a scalar bias[image: image], [image: image] denotes the transfer function, and [image: image] denotes the scalar output. If the neuron has Z input parameters, the output can be computed by Eq. 5.
[image: image]
This study used a sigmoid transfer function in the hidden layer and a linear output function in the output layer. To achieve the number of neurons in the hidden layer, this study used some provisions, since there is no specific approach to providing the desired results. In addition, fifty epochs were used for training the ANN network and the least error of validation is considered as a stop to avoid overfitting.
Extreme Gradient Boosting
The extreme gradient boosting (XGBoost) algorithm was created by Chen and Guestrin (Chen and Guestrin, 2016). Being an effective tree-based ensemble learning algorithm, it is considered a powerful tool among data science researchers. XGBoost is based on gradient boosting architecture (Friedman, 2001), which uses various complement functions to estimate the results using Eq. 6.
[image: image]
where, [image: image] indicates the predicted output for [image: image]th data with the parameter vector [image: image]; n denotes the number of estimators corresponding to independent tree structures for each fk (i.e. k = 1 to n); and [image: image] displays the primary hypothesis, which is actually the mean of the original parameters in the training data. [image: image] represents the rate of learning connected to improving the performance of the model, whether connecting the additional trees to prevent over-fitting. The statistical model has to be developed with less overfitting which is one of the genuine problems that often conflicts in machine learning. In the XGBoost model, the training phase is determined in a complementary way.
According to Eq. 3 in the kth stage, the kth estimator is connected to the model and the prediction of the kth [image: image] is calculated from the estimated output [image: image] in the next step, and the established fk of the kth complementary estimator is shown in Eq. 7.
[image: image]
whereas [image: image] represents the leaves weight that is established by reducing the objective function of the kth tree and is given by Eq. 8.
[image: image]
where, Z denotes the quantity of leaf nodes, [image: image] denotes the complexity parameter, [image: image] denotes constant coefficient, and [image: image] denotes the leaf weight from 1 to Z. [image: image] and [image: image] are regularization parameters employed to improve the model to keep away from the over-fitting. [image: image] and [image: image] are the summation parameters for the entire dataset associated with a leaf of the initial and previous loss function gradient, correspondingly. In order to build the kth tree, a leaf is distributed into several leaves. Such a system is implied by using the gain parameters expressed in Eq. 9.
[image: image]
where, G denotes the gain parameters, [image: image] and [image: image] denote the right leaf, respectively. [image: image] and [image: image]denote the subsequent division of the left leaf, respectively. When the gain parameter is approximated to zero, the division criteria are generally assumed. [image: image] and [image: image] are regularization parameters that are indirectly reliant on the gain parameters. For example, a larger regularization parameter can significantly reduce the gain parameter, thus avoiding the leaf convolution phenomenon. However, this will reduce the performance of the model to adapt to the training data. Figure 5A demonstrates the basic structure of the level-wise XGBoost tree model.
[image: Figure 5]FIGURE 5 | (A) Basic structure of the level-wise XGBoost tree model. (B) Grid search cross validation.
Grid Search Cross Validation
The grid search method is used for the adjustment of hyperparameters (Bergstra and Bengio, 2012). The technique approves a search in an identified range of hyperparameters and defines the desired results leading to the best outcomes of the assessment criteria, i.e., R2, MAE, MSE and RMSE. GridSearchCV() has been carried out in scikit-learn Python programing language to process this strategy. This method simply calculates the score of CV for all hyperparameters integrated with a particular reach. In this study, a 10-fold iterated arbitrary arrangement practice was incorporated in the CV command as specified in Figure 5B. GridSearchCV() allows not only to compute the desired hyperparameters, but also to evaluate the metric values to their desired outcomes. This study used all the remaining features of the Python programing language by default to perform Grid Search CV.
Performance Criterion
Typically, the performance of a model must be estimated when approaching the steadiness of a prediction framework, using an extensive range of performance criteria to select a highly accurate model. Therefore, this study proposes a unique performance criterion as follows:
Correlation coefficient
The correlation coefficient (R2) is the key to the execution of the regression survey. The computation of R2 can be expressed by Eq. 10.
[image: image]
Mean Square Error
Mean square error (MSE) is the mean of the square of all errors and is one of the important metrics for evaluating the performance of the corresponding models. The computation of MSE can be expressed by Eq. 11.
[image: image]
Root Mean Square Error
Root mean square error (RMSE) is the square root of the mean of the square of all errors and is measured as significant metric for mathematical predictions. The computation of RMSE can be expressed by Eq. 12.
[image: image]
Root Mean Square Error Standard Deviation Ratio
Root Mean Square Error Standard Deviation Ratio (RSR) is employed in this study for the comparison of significant models, which can be executed to predict Es and Ed. RSR plays an important role as a valuable metric for testing analytical models. The computation of RSR can be expressed by Eq. 13.
[image: image]
Variance Accounts For
Variance accounts for (VAF) is also considered as one of the important metrics for evaluating the overall performance of the model. Higher the VAF value, the greater will be the performance of the model. The computation of VAF can be expressed by Eq. 14.
[image: image]
where, [image: image] and [image: image] are the mean of the original and predicted data values, respectively, [image: image] and [image: image] are the original and predicted data values, respectively, and n shows the number of datasets. [image: image] is the mean value of the original data. Table 2 signifies the performance ranking and the corresponding RSR values.
TABLE 2 | Performance ranking and the corresponding RSR index values.
[image: Table 2]RESULTS AND DISCUSSION
In this study, a novel machine learning regression XGBoost model was developed and compared with two other models, namely MLR and ANN, to confirm the accuracy of predicting Es and Ed. To avoid overfitting of these models, the original dataset was partitioned into 70% for the training stage and 30% for the testing stage of 64 events. The ANN and XGBoost models are trained on training data and then validated by testing data. The 50 epochs were used for training the ANN model and the least error of validation is considered as a stop to avoid overfitting. According to Eq. 4, a total of nine neurons are selected in the hidden layer, which is connected to four input neurons and two output neurons, as shown in Figure 4. In this study, an XGBoost model with the default features of the XGBoost module was executed, i.e., M = 50 estimators, the regularization properties of γ = 0, λ = 1, and a learning rate of η = 0.3. Moreover, a 10-fold iterated arbitrary arrangement practice was incorporated to substantiate the models.
The original and predicted output values were then arranged and represented in scattered plots in order to ease the performance and correlation analysis of the developed models. The input parameters are UCS (MPa); Density (g/cm3); Vp (m/s); and Vs (m/s). The predicted output parameters are Es and Ed. The final output was evaluated by using performance criteria such as R2, RMSE and VAF, and the developed models were compared to estimate the appropriate model with higher accuracy of prediction results in this study.
Figures 6A,B to Figures 7A,B depict the scatter plots of the predictions of the proposed models (a) MLR, (b) ANN and (c) XGBoost for Es and Ed versus the original data in the training and testing stages, respectively. The prediction performance accuracy of the proposed models is (a) MRA (Es: R2 = 0.928; Ed: R2 = 0.981 in the training stage, and; Es: R2 = 0.717; Ed: R2 = 0.985 in the testing stage), (b) ANN (Es: R2 = 0.958; Ed: R2 = 0.998 in the training stage; and Es: R2 = 0.849; Ed: R2 = 0.998 in the testing stage) and (c) XGBoost (Es: R2 = 0.998; Ed: R2 = 0.999 in the training stage, and; Es: R2 = 0.997; Ed: R2 = 0.999 in the testing stage).
[image: Figure 6]FIGURE 6 | Results of (A) Es and (B) Ed prediction against original data in the training stage: (a) MLR, (b) ANN, and (c) XGBoost.
[image: Figure 7]FIGURE 7 | Results of (A) Es and (B) Ed prediction against original data in the testing stage: (a) MLR, (b) ANN, and (c) XGBoost.
Simultaneously, to comprehend the good visualization of the predicted values aggregated with the original data of Es and Ed, Figures 8A,B demonstrate the performance of MLR, ANN and XGBoost models in the training stage, respectively. Figures 9A,B demonstrate the performance of MLR, ANN and XGBoost models in the testing stage for (a) Es and (b) Ed, respectively.
[image: Figure 8]FIGURE 8 | Demonstration of predicted against original data of proposed models in the training stage for (A) Es and (B) Ed.
[image: Figure 9]FIGURE 9 | Demonstration of predicted against original data of proposed models in the testing stage for (A) Es and (B) Ed.
Figures 10A,B demonstrates the variation of the relative error of the proposed models, i.e., MLR, ANN, and XGBoost, for the prediction of Es and Ed and the original data in (a) training stage and (b) testing stage, respectively. The prediction performance of the proposed models for variation in relative mean square error (MSE) is (a) MLR (Es: MSE = 0.095; Ed: MSE = 0.00014 in the training stage, and; Es: MSE = 2.617; Ed: MSE = 0.079 in the testing stage), (b) ANN (Es: MSE = 1.009; Ed: MSE = 0.030 in the training stage, and; Es: MSE = 0.278; Ed: MSE = 0.079 in the testing stage) and (c) XGBoost (Es: MSE = 0.0043; Ed: MSE = 0.00003 in the training stage, and; Es: MSE = 0.0051; Ed: MSE = 0.0007 in the testing stage).
[image: Figure 10]FIGURE 10 | Change of relative error between predicted and original data of proposed models in the (A) training stage and (B) testing stage for Es and Ed.
Table 3 shows the performance criterion of the MRA, ANN and XGBoost determined using Eq. 10–14. Figure 11 depicts the comparative Taylor diagrams of the proposed models MRA, ANN and XGBoost in the (a) training stage and (b) testing stage for Es and Ed to further estimate the performance of the models more extensively. The standard deviation values associated with one another by the circular lines are shown as horizontal and vertical coordinates in the diagrams. Two performance metrics, one is the R2 value, indicated by the blue radial lines from the starting of the coordinates, and the other is the RMSE value, specified by the green circular line. Observed values were used as the base model with zero errors, i.e., RMSE = 0 in the diagrams, the maximum R2 = 1, and the computed standard deviations. Next, the R2, RMSE and standard deviation of the other models were compared with the observed values. A best model is one with highest degree of similarity to observed data model. As shown in Figure 11, the XGBoost model has been able to approach the observed data and outperformed the MRA and ANN models in both the training and testing phases.
TABLE 3 | Performance criterion of the MRA, ANN, and XGBoost.
[image: Table 3][image: Figure 11]FIGURE 11 | The comparative Taylor diagrams of the proposed models MRA, ANN, and XGBoost in the (A) training stage and (B) testing stage for Es and Ed.
Moreover, according to Table 3 and the results in Figure 11, the XGBoost model has revealed the best performance with high accuracy (Es: R2 = 0.998; Ed: R2 = 0.999 in the training stage, and; Es: R2 = 0.997; Ed: R2 = 0.999 in the testing stage), RMSE (Es: RMSE = 0.0652; Ed: RMSE = 0.0062 in the training stage, and; Es: RMSE = 0.071; Ed: RMSE = 0.027 in the testing stage), RSR index value (Es: RSR = 0.00238; Ed: RSR = 0.00023 in the training stage, and; Es: RSR = 0.00304; Ed: RSR = 0.001 in the testing stage) and VAF (Es: VAF = 99.71; Ed: VAF = 99.99 in the training stage, and; Es: VAF = 99.83; Ed: VAF = 99.94 in the testing stage) compared to the other developed models in this study.
Therefore, XGBoost is an applicable machine learning regression model that can be applied to accurately predict the Es and Ed.
CONCLUSION
Young’s modulus (E) plays an important role in the stability of surface and subsurface structures. Therefore, an accurate estimation of E is mandatory. This study developed a novel machine learning XGBoost regression model with four input parameters, i.e., UCS (MPa), density (g/cm3), Vp (m/s) and Vs (m/s) for predicting Es (GPa) and Ed (GPa). In addition, the MRA and ANN models were included to compare their results with the proposed model. To avoid overfitting of these models, the original dataset was partitioned into 70% for the training stage and 30% for the testing stage of 64 data points. The study concludes that the proposed XGBoost regression model performed more accurately than the other studied models in predicting Es and Ed. Employing a novel machine learning approach, this study was able to provide substitute elucidations to predict Es and Ed parameters with appropriate accuracy and runtime. Future work can be extended using various datasets to further confirm the reliability of the proposed model.
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Real-time monitoring and early warning have great significance in reducing/avoiding the consequences caused by landslides. The deep displacement-based monitoring method has been proven to be a suitable solution for landslide risk management. However, the early warning indicators based on the deep displacement method need to be fully understood. This paper reports on an investigation into early warning indicators and deformation monitoring of several natural landslides. A series of indicators using the profiles of the accumulative displacement, kinetic energy, and their rates against time for early warning are developed and calibrated by monitoring and analyzing a natural landslide. The early warning indicators are then applied to monitor and identify the different deformation stages of the Jinping County North Landslide and the Wendong Town Landslide.
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1 INTRODUCTION
Landslides are one of the most damaging and deadly geology hazards that pose a significant threat to human lives, properties, and infrastructures in mountainous terrains. They are responsible for at least 17% of all fatalities by natural hazards (Carla et al., 2017; Fu et al., 2020) and lead to on average hundreds of millions of dollars lost worldwide each year (Zhang C.-C. et al., 2018). Consequently, prediction and mitigation of landslide geohazards have attracted a lot of attention and remain hot issues within the fields of geotechnical engineering and engineering geology (Fu et al., 2017). A reliable early warning system, comprising monitoring indicators, data processing, communication, and dissemination of warnings and community evacuation, is a cost-effective means to alleviate or even avoid economic and fatal consequences by landslides (Intrieri et al., 2012). The early warning indicators (EWIs) aim at characterizing the evolution stages and are keys to determining the release of warnings to the public.
In general, displacement is considered as the most straightforward EWI to recognize instability and to characterize different failure stages (Booth et al., 2013; Kwan et al., 2015). The displacement based EWI can be categorized into two groups in practice: surficial displacement and deep displacement. Thus far, the surficial displacement based EWI is probably the most frequently used method which can be divided into various types (Satio and Uuzawa, 1961), such as strain rate (Satio, 1965; Satio, 1969; Crosta and Aagliardi, 2002), velocity (Hungr et al., 2014), tangential angle (Xu et al., 2011), acceleration (Xu et al., 2011), and work rate. A lot of derivatives (e.g., inverse velocity, normalized dimensionless cumulated displacement) were also developed by mathematical operation for identifying the displacement trends and early warning of movements of landslides (Rose and Hungr, 2007; Cascini et al., 2014; Segalini et al., 2018; Scoppettuolo et al., 2020). Though they have shown abilities in avoiding or minimizing landslide consequences, the surficial displacement based EWIs are unable to obtain the deep movement clearly, especially for the landslides where the ground movement exhibits strong nonlinearity along the depth.
In contrast, the deep displacement method (i.e., monitoring real-time cumulative displacement along depth) has been widely used, for example, to track deformation features of a sliding body (Yin et al., 2010; Bennett et al., 2015), improve understanding of the deformation mechanisms (Simeoni and Mogiovi, 2007), and reveal slip surfaces (Carla et al., 2017) over the last decade. Relevant studies have helped to assess stability of slopes (Tao and Zhou, 2014; Zhang et al., 2021) and provided guidelines for design and construction of supporting devices (Zhang Y. Q. et al., 2018). Thanks to the state-of-the-art techniques on microelectronics, high-performance computers and communication (Bennett et al., 2017; Ha et al., 2018), real-time monitoring of deep displacement has become rather applicable for landslide evaluations and mitigations. Particularly, MEMS (micro-electro-mechanical system) accelerometers are micron devices of high sensitivity used for measuring accelerations whatever they are attached to, and the MEMS-based in-placement inclinometers have been used for continuously acquiring and transmitting the deep displacement data of high precision (Dasenbrock et al., 2012). They can capture the complete pre-failure stages of a landslide from the deformation initiation to catastrophic failure at favorable required intervals (Dasenbrock, 2010; Danisch, 2015). In some landslide prone areas, for example, the Three Gorges Reservoir region, the deep displacement based EWIs has become an irreplaceable solution (Wang, 2009).
The main purpose of this study is to find reliable EWIs based on the deep displacement method through applications and investigations into several real cases. Several EWIs based on the deep displacement method will be developed and compared for distinguishing different stages of landslides. The characteristics of EWIs and the evolutions of the landslides will be reported in detail according to the deep displacement data collected from the established real-time monitoring systems for two natural landslides.
2 EARLY WARNING INDICATORS
The evolution of a creep-type landslide usually can be divided into three stages, i.e., initial deformation, constant speed deformation, and accelerated deformation, mainly based on the surficial displacement and strain rate measured from laboratory or field tests (Satio, 1965; Xu et al., 2011; Tang et al., 2014; Macciotta et al., 2016; Chen and Jiang, 2020).
Initial deformation stage. A landslide deformation might be initiated due to changes in slope geometry, material properties, and hydrology features. It usually shows a sudden increase in displacement at the initial stage (Voight, 1988). The driving force has not exceeded the peak resistance everywhere along the slip surface at this stage, and therefore the movement may decelerate as the applied external factors become weaker or disappear.
Constant speed deformation stage. If the external triggering is critical and the driving force surpasses the resistance, the materials on the slip surface undergo failure with a dynamic equilibrium because of shear locking and slip strengthening of soils (Scoppettuolo et al., 2020). This leads to a steady increase in displacement until the most soils in the slip surface reach the residual state and a complete slip surface is formed.
Accelerated deformation stage. As the strength of most materials within the slip surface have reduced to the residual, the difference between the driving force and the anti-sliding force increases gradually. Consequently, the acceleration increases, the displacement increases rapidly, and the displacement–time curve can be described by a power function at this accelerated deformation stage. Once a landslide is monitored entering such a stage, an early warning should be released to the public and necessary evacuation or mitigation methods should be taken.
Furthermore, three sub-phases can be characterized in the accelerated deformation stage including the preliminary accelerated, the medium accelerated, and the critical deformation sub-phases (Wang, 2009; Xu et al., 2011). The critical deformation stage is often considered as an independent phase in practice as it is significant for early warning of landslides, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Idealized displacement against time characterized by the initial deformation stage, the constant speed deformation stage, the accelerated deformation stage, and the critical deformation stage.
To predict and avoid risks of a landslide, it is of great significance to recognize the above-mentioned deformation stages from the peculiar kinematic features accurately, particularly the critical deformation phase in the accelerated deformation stage (Satio, 1965; Xu et al., 2011). If the critical deformation stage is reached, catastrophic failure may take place with catastrophic consequences and any effective risk mitigation might be impossible.
The four stages can be distinguished through cumulative displacement-time data obtained from either field or experimental monitoring in theory, as conceptually shown in Figure 1. Nevertheless, the actual displacement-time relationship does not perfectly follow the four stages shown in Figure 1. Instead, a realistic case usually shows complex responses to different external factors, such as rainfall, human construction activities, and reservoir water level fluctuation. In the remainder of this section, different EWIs will be introduced with respect to the displacement, kinetic energy, and their rates along the depth for distinguishing the key deformation stages more accurately.
2.1 Cumulative Displacement-Depth Profiles
Accumulated displacement at different depths can be measured through MEMS-based and fiber Bragg grating-based inclinometers, and its profile is able to feature deformation stages and hence is regarded as an EWI based on the deep displacement method. Figure 2 presents typical profiles of accumulative displacement along depth at different times in five sites. These slopes were formed by artificial excavation and composed of soils and/or soft rocks. In order to ensure the safety of highway construction, the deep displacements shown in Figure 2 were monitored by in-placement inclinometers after cracks were observed on slopes. The profiles of accumulative displacement along depth can be classified into five types with respect to the shape, i.e., “D,” “V,” “B,” “r,” and pendulum. In Figures 2A, C, D, with the “D,” “B” and “r” shape, respectively, the profiles of accumulated displacement have significant discontinuity or inflection points, where slip surfaces might have been formed. Therefore, the landslides associated with these cumulative displacement profiles have been experiencing the constant speed or the accelerated deformation stage. In contrast, the profiles presented as “V” and pendulum shape (Figures 2B,E) indicate that the main slip surface has not been formed yet and the corresponding landslides should be at the initial or the constant speed deformation stage.
[image: Figure 2]FIGURE 2 | Cumulative displacement against depth profiles at different times characterized by. (A) “D” shape, (B) “V” shape, (C) “B” shape, (D) “r” shape, and (E) pendulum obtained from the landslides located in Guangdong-Wuzhou, Beijing-Zhuhai, Guangzhou-Heyuan, Beijing-Zhuhai, Manhao-Jinping Highway, China, respectively.
2.2 Velocities at Different Depths
One derivative EWI from the accumulated displacement profile is its rate profile along the depth, which can be calculated as derivation of the displacement with respect to time. A lot of attention has been paid on the surficial velocity which represents the transient surface movement of a landslide. However, the velocity profiles along the depth can give stakeholders an insight into kinematic feature of a landslide, for example, the slip surface and the sliding volume of a landslide. Theoretically, the velocity increases first and then decreases at the initial deformation stage. At the constant speed deformation stage, the velocity remains constant, and finally it increases gradually when a landslide is at the accelerated deformation stage on the basis of the accelerating creep theory.
2.3 Kinetic Energy and its Rate
A landslide from initiation to global failure in nature is a process of energy transfer, whereby the potential energy of sliding mass and external force work by external triggers (e.g., seismic energy, water level fluctuation energy) transferring into kinetic energy, frictional dissipation, and other types of energy dissipations (e.g., sound and heat). Similar to the accumulated displacement profile, the kinetic energy profile can be an efficient EWI for a landslide and is able to feature different deformation stages in this sense.
As monitoring boreholes within a landslide prone area is limited in practice, it is not able to obtain accurately the kinetic energy of the whole sliding body over a sliding surface. However, the velocity measured from a series of sensors buried in any monitoring borehole can be regarded as an approximate velocity of surrounding sliding mass to some extent. In addition, the kinetic energy of a representative sliding mass centered in a monitoring borehole can be calculated according to the deep displacement data collected by the advanced MEMS-based inclinometer (Figure 3) or other inclinometers.
[image: Figure 3]FIGURE 3 | MEMS-based in-place inclinometer is composed of a series of MEMS accelerometer sensors separated variously by flexible joints and encased in a watertight housing. The main steps of installation are drilling, putting the MEMS-based in-place inclinometer into the monitoring borehole, backfilling with sand.
In Figure 3, the monitoring borehole is divided into n segments from the top to the bottom based on the monitoring interval of the used inclinometers, with the length of the ith segment denoted by li and the velocity of the ith segment at the top and the bottom by vti and vbi, respectively. Strictly, the kinetic energy Ei of the ith segment can be expressed by:
[image: image]
where mi is the mass, vci is the centroid velocity, and Jc is the moment of inertia of the ith segment. The moment of inertia is calculated by:
[image: image]
The total kinetic energy E of the whole representative sliding mass centered at the borehole is the sum of the kinetic energy of each segment and given by:
[image: image]
The rate of the kinetic energy can be derived from Eq. 3 and given by:
[image: image]
where R is the radius of monitoring the borehole.
3 EVOLUTION OF EARLY WARNING INDICATORS
The Crookston East Landslide with complete deep displacement data collected from the real-time monitoring system based on large range MEMS-based inclinometers will be revisited to illustrate the process of landslides and compare EWIs discussed above.
The Crookston East Landslide is located in downtown Crookston between U.S. Route 2 and Red Lake River in Minnesota, with the sliding mass consisting of granular sediments, clays, and silts from the glacial Lake Agassiz. A deep displacement automatic monitoring system was established mainly using two 36.5-m long MEMS-based SAAs named 4# SAA and 5# SAA, which were installed in late May and early June 2008, respectively, as shown in Figure 4A. More details about the deformation features and the installation of SAAs can be found in Dasenbrock (2010).
[image: Figure 4]FIGURE 4 | Macroscopic deformation (A) before sliding and (B) after sliding. The 5# SAA and 4# SAA are located about 4.57 m upward and downward from the cabinet, respectively (Modified from Dasenbrock, 2010.)
Figure 5 presents the profiles of the cumulative displacement against depth at different times collected from 4# SAA and 5# SAA. It can be determined that the landslide was at the accelerated or critical deformation stage as the accumulative displacement profiles became the “D” shape after September 25, 2008.
[image: Figure 5]FIGURE 5 | Relationships between cumulative displacement and depth at different times measured by (A) 4# SAA and (B) 5# SAA (Modified from Dasenbrock, 2010; Danisch, 2015.)
Figure 6 presents the velocity against the time at the depth of 4.8 and 3.7 m at 4# SAA and 5# SAA, respectively. Obviously, the landslide was at the constant speed deformation stage after the installation of the real-time monitoring system until the arrival of the accelerated deformation stage on September 19th and 18th, respectively, at 4# SAA and 5# SAA. The initial deformation stage, however, is not observed from both figures as the installation of the real-time monitoring system was delayed. Note that the velocity oscillates slightly, especially at the constant speed deformation stage which might be caused by external factors such as rainfall, and change of the river and groundwater levels. The velocity increases rapidly at the stage of accelerated deformation, at nearly 1 m per day, whereby the speed of the landslide changes from very slow to a moderate level according to the velocity classification by the Geological Society of UK (Cruden and Varnes, 1996).
[image: Figure 6]FIGURE 6 | Relationships between velocity and time at the depth of 4.8 and 3.7 m based on the deep displacement data collected by (A) 4# SAA and (B) 5# SAA, respectively (Modified from Danisch, 2015).
Figures 7A,B present the evolutions of kinetic energy collected from the two sites and calculated by Eq. 3, while Figures 7C,D provide the kinetic energy rate calculated by Eq. 4. Figures 7A,B show that the kinetic energy increases slowly during the period from September 19th to 25th and then rises rapidly thereafter. Similarly, the rate of kinetic energy shown in Figures 7C,D is slightly greater than zero from September 19th to 25th but increases rapidly thereafter. The observations indicate that September 19th and 25th can be considered as the start date of the accelerated and critical deformation stages, respectively. This is consistent with what we observed from the displacement and velocity profiles.
[image: Figure 7]FIGURE 7 | Kinetic energy motion during sliding based on the deep displacement: kinetic energy vs time obtained from (A) 4# SAA and (B) 5#SAA; rate of kinetic energy vs time obtained from (C) 4#SAA and (D) 5#SAA.
As a result, on September 25th, a progressive landslide occurred, ripping apart a 152.4-m section of the westbound lanes of U.S. Route 2 and moving them down about 3.048 m, as shown in Figure 4B. These key dates are in good agreement with the observations from the profiles of accumulated displacement, kinetic energy, and their rates collected at the two real-time monitoring sites, verifying the efficiency and applicability of EWIs on avoiding catastrophic consequences by landslides.
4 APPLICATION TO EARLY WARNING OF LANDSLIDES
4.1 The Jinping County North Landslide
4.1.1 Site Description
The Jinping County North Landslide is located near the road from Manhao Town to Jinping County, about 45 km north from Jinping County, Yunnan Province, China. As presented in Figure 8, the upper layer of the sliding mass is comprised of quaternary residual silty clay, with an average thickness of 8.5 m. The underlying bedrock is consisted of the layering weathered granite. In between, some broken rocks and soft-plastic silty clays were found at depths of around 20 and 26 m, respectively. According to the cores at different depths obtained from boreholes, these two layers are supposed to be the locations of slip surfaces. A series of cracks at the crown of the landslide were noticed after a construction excavation, which posed a threat to the construction site and infrastructure. Therefore, a real-time monitoring system, mainly including two SAAs, was installed in October 2012 and the deep displacement data were reported at a satisfied interval ensuring the safety of the construction site and infrastructure, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | (A) Topographic map of the Jinping County North Landslide, the grey lines denote excavation. (B) A-A′ cross-section.
4.1.2 Motion of the Jinping Landslide and Early Warning
Figure 9 presents the profiles of accumulative displacement against depths at different times measured from 1# SAA and 2# SAA. The displacement was accumulated in the upper layer above the depth of approximately 20 and 25.5 m after July 11th, indicating the two major slip surfaces had already been formed. The displacement profiles eventually evolve into a “D” shape after July 2013 as shown in Figure 9, demonstrating that the landslide might be at the accelerated stage or the critical deformation stage.
[image: Figure 9]FIGURE 9 | Relationships between cumulative displacement and depth at different times. measured by (A) 1# SAA and (B) 2# SAA.
In order to determine the deformation stages accurately, Figure 10 presents the velocity vs time at the depth of 17 m at both sites (1# SAA and 2# SAA). The velocity initially increases and then decreases to almost zero during the first 62 days after the installation of 2# SAA as shown in Figure 10B, which may indicate the landslide was at the initial deformation stage. At the site of 1# SAA, however, the landslide may be at the constant speed deformation stage after the installation of the monitoring system. The different stages revealed at different sites imply the Jinping Landslide was triggered in a progressive manner with the failure concentrated near the 1# SAA site first and propagated gradually to the 2# SAA site. This deformation mechanism is the same with the Zhonghaicun Landside case (Yi et al., 2021). Sliding masses at both sites experience a relatively long period of constant speed deformation–241 and 99 days at 1# SAA and 2# SAA, respectively. Though the deformation was initiated later at 2# SAA, the sliding mass was accelerated earlier than that at 1# SAA. Meanwhile, the average velocity at 2# SAA (with a magnitude over 100 mm/d) is much higher than that at 1# SAA (around 20 mm/d). In contrast, the starting dates for the critical deformation stage at both sites are almost the same. The deformation at 2# SAA came to the critical stage 256 days after the installation of the monitoring system while 5 days later the sliding mass at 1# SAA achieved the critical deformation stage as well. Note that a sudden decrease of velocity can be identified 256 days after the installation of the monitoring system in Figure 10A, indicating some anti-slide measures along the slip surface took effect a bit and stopped the development of deformation for a short time.
[image: Figure 10]FIGURE 10 | Relationships between velocity and time at the depth of 17 m based on the deep displacement data obtained from (A) 1# SAA and (B) 2# SAA.
Figure 11 presents kinetic energy and its rate at both sites based on the deep displacement data. The initial deformation stage is recognized at 2# SAA only, which echoes the finding from Figure 10. During the period of constant speed deformation stage, the kinetic energy is slightly above zero and its rate is almost zero. The accelerated deformation stage begins when the kinetic energy and its rate increase gradually, while the critical deformation stage was achieved when both the kinetic energy and its rate experience an extremely large increase. Note that the start date of the accelerated deformation stage at 1# SAA and 2# SAA are slightly different, but the critical deformation stage occurs at almost the same time, which is also consistent with the observations from Figure 10.
[image: Figure 11]FIGURE 11 | Kinetic energy motion based on the deep displacement data: kinetic energy vs time obtained from (A) 1# SAA and (B) 2#SAA; rate of kinetic energy vs time obtained from (C) 1#SAA and (D) 2#SAA.
As feedback from the real-time monitoring system, early warning messages were released to the public and evacuations were acted on before the critical deformation stage. Later, the catastrophic sliding arrived as excepted, but the loss was mitigated for construction sites and infrastructure.
4.2 The Wendong Town Landslide
4.2.1 Site Description
Deep displacement based EWIs have been applied to a recent landslide in Yunnan Province, China. The landslide is located on the right bank of the Chuan River, which comes across a plateau mountain in Wendong Town, Yunnan Province, China. As shown in Figure 12A, the landslide is arc-shaped, with a length of 150 m, a width of 110 m, and an average depth of 7 m. It covers an area of 1.3 × 104 m2 and a volume of 1.3 × 104 m3. The slope angle is 24° on average with respect to the horizontal direction, and the sliding direction is NW16°. The elevation above sea level of the crown edge and the toe of the landslide is 1,210 and 1,110 m, respectively.
[image: Figure 12]FIGURE 12 | The Wendong Town Landslide: (A) topographic map showing landslide boundary, cracks, monitoring borehole, section line, and elements at risk; (B) cross-section along A-A′ showing the silty clay, filling soil, mudstone, and monitoring borehole.
Figure 12B presents a geological cross-section along A-A′. The upper layer is mainly comprised of artificial filling soil and quaternary residual silty clay, with a thickness of 3–9 m, which is underlain by strongly weathered mudstone. In March 2016, some cracks (Figure 12A) were observed especially at the place close to the crest caused mainly by rainfall and excavation and filling construction activities. The slide represents a significant threat to the prefabricated beam plant upslope and the provincial road downslope as shown in Figure 12A. Therefore, a real-time deep displacement monitoring system was installed in April 2016.
4.2.2 Motion of the Wendong Landslide and Early Warning
Figure 13A shows profiles of accumulative displacement against depth at different times obtained from the real-time monitoring system shown in Figure 12. The cumulative displacement decreases almost linearly with the depth before September 16, 2016, showing a “V” shape. After September 16th, however, the increase of displacement near the surface (above 6.5 m in depth) is more significant than that in deep ground, with the shape of profiles becoming “r” shape. Overall, observations on the accumulated displacement profiles indicate that the landslide is primary at the constant speed deformation stage by September 2017.
[image: Figure 13]FIGURE 13 | (A) Cumulative displacement and (B) velocities at different depths together with the precipitation data during the period obtained from the real-time monitoring system.
Figure 13B presents the velocities at different depths together with the precipitation data during the period. In Figure 13B, the velocities at different depths fluctuate around zero with small amplitudes affected by rainfall. In addition to the rainfall monitored in Figure 13B, the fluctuation of the velocity may be influenced by nearby construction of anti-slide piles and excavation. It should be noted that external factors were insignificant from 175 to 325 days after installation of the monitoring system, and the fluctuation of the velocities almost disappeared. The oscillation came back with the new rain season in 2017. The authors believe that if the temporary increase of displacement is triggered by external factors and can be restricted after triggering events, the landslide is at the constant speed deformation stage, which is the case for the reported Wendong Landslide. This corresponds to the definition of progressive failure where the slope can achieve stable configuration under existing forces (Puzrin and Germanovich, 2005; Zhang et al., 2017).
Figure 14 presents evolution of kinetic energy and its rate of the slide mass during the period after the installation of the monitoring system. It shows that the kinetic energy and its rate fluctuate during the first 120 days after the installation of the monitoring system, which is in good agreement with the findings from Figure 13B. Thereafter, the kinetic energy and its rate remain almost zero, which verifies the landslide is at the constant speed deformation stage. In addition, another important conclusion can be obtained with respect to the early warning indictors: kinetic energy and its rate are able to eliminate partially the interfering information caused by external factors and may prove to be a more reliable EWI.
[image: Figure 14]FIGURE 14 | (A) Kinetic energy and (B) its rate based on the deep displacement calculated by Eqs 3, 4, respectively.
Unfortunately, the monitoring equipment was accidently damaged by the construction activities in September 2017 and was unable to monitor the event any longer. Through later visual observations after September 2017, neither the crack width nor the displacement increased after completion of the construction.
5 DISCUSSIONS
Note that the deep displacement based EWIs discussed in this study can be primarily applied to creeping landslides. The slide mass is often comprised of soils and soft rocks. In contrast, landslides with slide mass composed of stiff soils and hard rocks usually evolve rapidly from initiation to failure. The initial and constant speed deformation stages may be absent with a fast evolution into the ultimate failure. When the EWIs are used for this type of landslide, special measures should be taken to feature the deformation stages and predict failure events.
The deep displacement data obtained from a single borehole may help to understand the deformation stage of a local area, but does not usually represent the stage of the entire landslide. In most cases, slope failure is somewhat progressive and hence different locations may hold different deformation stages (Crosta et al., 2017). Consequently, if a warning system is formulated based on constant speed or accelerated deformation stage, information obtained at different boreholes may generate contradictory messages. However, a system in terms of the critical deformation stage can most likely produce universal assessment result of the slope status even at different monitoring locations, as in the cases of the Jinping County North Landslide and Xintan Landslide (Wang, 2009).
The EWIs are mainly based on accumulative displacement. However, the accumulative displacement might be various at different depths mainly because of the complex terrain and geological setting, as shown in Figure 15. Hence, the displacement or its rates against time obtained at a fixed depth, for example, at the surface, may not represent the actual slope status, especially when multiple slip surfaces are present. The total kinetic energy and its rate have an obvious advantage in describing status of a slope more accurately as they are integrated from the top to the bottom of the monitoring borehole.
[image: Figure 15]FIGURE 15 | Relationships between cumulative displacement and time obtained from a landslide composed of multi-layer sliding zones. The data was measured by the MEMS-based in-placement inclinometer.
Though the profiles of the displacement and its rate can distinguish the first two deformation stages, they may fail to identify the accelerated and critical deformation stages, as in the Crookston East Landslide case. In contrast, the kinetic energy and its rate can identify the last two stages clearly.
Another difficulty that has often been encountered in landslide monitoring is the interference of the external factors such as rainfall, human construction activities, groundwater level change, and snowmelt. They may temporarily accelerate a landslide in local areas, for example, the deformation affected region by rainfall infiltration is usually 2–5 m in depth (Bittelli et al., 2012; Askarinejad et al., 2018). This local failure, which may not cause consequences to a construction site and nearby infrastructure, can be weakened or excluded by using the kinetic energy and its rate based EWIs, as in the Wendong Town Landslide case.
It must be mentioned that magnitudes of displacement and its rate might be significantly different at four deformation stages and among different cases ranging from several millimeters to hundreds of millimeters per year (Kwan et al., 2015; Scoppettuolo et al., 2020) so that it is difficult to define a universal threshold for indicating the critical state of a slope. Nevertheless, it is recognized that definition of thresholds for different alert levels is significant in an automatic monitoring and early warning system. For this purpose, it is evident from the study that a useful smoothing technique is required to filter displacement and velocity data beforehand because perturbations accompanied decisively delay the identification of onset of acceleration (Carla et al., 2017). Afterward, it is noteworthy that a universal threshold of EWIs cannot define, whereas the striking features of EWIs at different deformation stages have been distinguished in the study and can be characterized by mathematical parameters quantitatively in the future, for example, tangent angle and relative slope. The magnitudes of these parameters obtained in real time monitoring can be used to define thresholds. It is generally accepted that the normalized dimensionless method is a powerful tool for providing insight into trends without effects of magnitude. The EWI data can also be normalized with respect to the well-documented values of similar landslides and preset the thresholds of EWIs for early warning. Moreover, the kinetic energy of a sliding mass above the slip surface that has been revealed may be deduced according to the principle of the conservation of energy. The relationship between kinetic energy and displacement therefore can be established and an attempt to define the thresholds of the critical state can be made.
6 CONCLUSION
Landslide is a common geological disaster, which may pose a great threat to human lives and nearby infrastructures and livelihoods. Real-time monitoring and early warning are thus of great significance in reducing/avoiding the consequences caused by landslides. This study has presented an approach for early warning of landslides based on the deep displacement theory. A series of early warning indicators including profiles of the accumulative displacement, kinetic energy, and their rates against depth were developed to feature the deformation stages of landslides. In the light of the deep displacement data collected from the real-time monitoring system of one typical landslide, the characteristics of the early warning indicators during the whole sliding processes were analyzed and the evolutions of landslides at different deformation stages were described. The proposed method was then applied to analyze the Jinping County North Landslide and the Wendong Town Landslide located in Plateau Mountain, Yunnan Province, China. The following conclusions can be made from this study:
1) The proposed early warning indicators can distinguish the four deformation stages and recognize the critical state for issuing early warning information. As a new early warning indicator integrated from the surface to the deep ground, the profile of kinetic energy and its rate can identify the different deformation stages more accurately than other early warning indicators, which can especially be applied to the landslides whose deformation is inconsistent with depth.
2) When a landslide comes into the accelerated deformation stage from the constant speed deformation stage, the velocity of sliding mass increases suddenly, the kinetic energy and its rate increase gradually. The early warning indicators including velocity, kinetic energy, and rate of kinetic energy increase rapidly at the critical deformation stage.
3) The EWIs using the profile of kinetic energy and its rate proposed in this paper can distinguish the deformation stages of landslides and exclude insignificant local movement by the temporary external factors such as rainfall and human construction activities.
This study has presented an investigation into early warning indicators based on the deep displacement for identifying the evolution stages of landslides. It is indeed the first step for the design and the implementation of an early warning system operational at a slope scale. The features of profiles of the accumulative displacement, kinetic energy, and their rates against time will be discussed and compared when further monitoring data on the critical state of landslides with different geological configurations are available in the future. Additional work on the determination of thresholds will be conducted probably by the suitable mathematical approaches.
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Comparative pullout tests were carried out on model plate anchors in uncemented aeolian sand (UAS) and cement-stabilised aeolian sand (CAS) with different embedment ratios of the embedment depth (H) to the width (D) of the plate to examine the effectiveness of the insertion of cement in aeolian sand to enhance the uplift performance of plate anchors. Experimental results demonstrated that significant increases in failure resistance and uplift stiffness can be achieved, irrespective of embedment ratios of H/D, when a relatively small amount of cement (an optimal cement content of 6% by weight of dry aeolian sand determined by direct shear test in this study) was added to the aeolian sand backfill. However, distinct load–displacement responses were observed in all the tests on the model plate anchors embedded in CAS and UAS backfills: two-phase of pre-peak and post-peak behaviour in CAS and three-phase of initial linear, nonlinear transition to peak uplift resistance, and post-peak behaviour in UAS; failure of the former started at tiny displacements and that of the latter appeared at large displacements. Therefore, the significant increases in uplift failure resistance and pre-peak uplift stiffness were limited to relatively low uplift displacements because of the brittle nature of the improved CAS backfills shear strength characteristics.
Keywords: aeolian sand, cement-treated soil, stabilisation, backfills, pullout, ultimate bearing capacity
1 INTRODUCTION
Aeolian sands are fine to medium, non-plastic and uniformly graded materials in many sandy sites, mainly in desert areas, such as Xinjiang, Inner Mongolia, Ningxia, and Gansu Province in Northwest China. Electric transmission systems spanning from West to East China have been planned in recent years (Qian et al., 2014; Qian et al., 2015; Yang et al., 2019; Yang et al., 2020a; Yang et al., 2020b; Huang et al., 2020, Huang et al., 2021a, Huang et al., 2021b); therefore, foundations for four-legged lattice-type transmission towers need to be built in these aeolian sand regions. These tower foundations must resist both uplift and compression loading when subjected to permanent and transient load conditions (Pacheco et al., 2008). However, the uplift is often the controlling design load for a variety of transmission tower foundations (Kulhawy et al., 1983).
Spread foundations constructed using reinforced concrete are commonly utilised to satisfy the required uplift resistance of lattice-type tower foundations in aeolian sand regions. However, aeolian sands are inherently very low in strength and very high in compressibility because they are loose, cohesionless and easily movable. As a result, transmission tower foundations constructed in aeolian sand may become relatively costly for the required uplift stiffness and capacity. Considering the soil-improvement techniques (Elipe and López-Querol 2014), an attractive and economical solution may be achieved by the addition of cementing materials to the excavated in-situ aeolian sand for subsequent use as backfill placed above the footings to improve the uplift performances of the tower foundations.
Various methods have been used to investigate different hardening additives and their potentials as stabilising agents for aeolian sands or sandy soils (Elipe and López-Querol 2014), such as cement (Aiban 1994; Al-Aghbari and Dutta 2005), cement kiln dust (Baghdadi and Rahman 1990; Freer-Hewish et al., 1999), bentonite and lime (Panwar and Ameta 2013), and polypropylene fibers (Santoni and Webster 2001; Parto and Kalantari 2011). A few studies of spread footings embedded in cement-treated sand backfills have shown a notable increase in the compressive (Stefanoff et al., 1983; Consoli et al., 2009, 2003; Shirvani et al., 2015) and tensile (Rattley et al., 2008; Consoli et al., 2013) bearing capacity of foundations. In general, soil stabilisation with cement is an attractive technique in terms of cost and environmental impact as it avoids extracting and transporting materials from elsewhere (Shirvani et al., 2015).
In this study, experimental uplift results from 9 model tests on square model plate anchors embedded in cement-stabilised aeolian sand (CAS) are compared with those obtained from 14 model tests on square plate anchors embedded in uncemented aeolian sand (UAS) to examine the effectiveness of adding cement to increase the uplift resistance of plate anchors embedded in CAS at different embedment ratios of the embedment depth H to the width of the square plate D, H/D.
2 BRIEF DESCRIPTION OF LABORATORY MODEL TESTS
This work comprises the pullout tests of model plate anchors embedded in UAS and CAS backfills. Figure 1 shows the schematic diagram of the testing apparatus. A 2.02-m-thick layer of the soil was firstly removed from the testing site, which was 3.54 m × 3.54 m in plan. After removal, a square wooden tank with an inner cross section of 3.5 m by 3.5 m and a height of 2.0 m was placed into this excavated pit, as shown in Figure 1; all the tests were conducted therein. The bottom and vertical edges of the tank were stiffened with angle steels to avoid volume changes of the container under lateral pressure, and the inner sides were finished with a coat of paint to minimize side friction.
[image: Figure 1]FIGURE 1 | Schematic diagram of the uplift loading apparatus.
As shown in Table 1 tests were performed on model plate anchors with D = 0.1, 0.2, and 0.3 m and H/D ranging from 1.5 to 3.5 in CAS. Comparatively, 14 tests were conducted on model plate anchors with D = 0.3, 0.6, and 0.9 m and H/D ranging from 1.0 to 5.0 in UAS. All uplift model tests in this study were carried out in the same loading apparatus as shown by Figure 1. The uplift-loaded model plate anchors in cemented aeolian sand will have a larger earth cone zone or failure surface. In order to complete all the comparative pullout tests, the plan of different plate sizes and embedment depths for UAS and CAS cases has been chosen. The dimensions in Table 1 were chosen to ensure that the anticipated rupture planes around the plates would be well within the limits of the tank.
TABLE 1 | Basic information and load test results for model plate anchors embedded in UAS and CAS: D = width of the square plate; H = embedment depth of the plate; H/D = embedment ratio of H to D; TUR, sUR = uplift failure resistance and the displacement at the peak point, respectively; and α = slope angle of the pyramidal failure surface to the vertical.
[image: Table 1]3 BACKFILLS PREPARATION AND PROPERTY
3.1 Characteristics of the Aeolian Sand in This Study
In general, researchers agree that aeolian sands consist of fine to medium grained loose sandy soil. They are poorly graded sands, with great uniformity, which can be attributed to the selective sorting of the wind (Elipe and López-Querol 2014). The aeolian sand used in this study was collected from a transmission line construction site at Dalate Banner in the Hobq Desert in the Inner Mongolia Autonomous Region, which is a typical in situ soil in Northwest China.
The particle size distribution of the aeolian sand in this study was obtained according to ASTM D422 (ASTM 2007), as shown in Figure 2. The parameters that typically describe the shape of the particle size distribution curve—D10 = 0.09 mm, D30 = 0.12 mm, D50 = 0.15 mm, and D60 = 0.17 mm—indicate that the UAS in this study can be classified as SP, i.e., poorly graded sand, according to Unified Soil Classification System ASTM D2487 (ASTM 2011a). This conclusion is consistent with that reported by Elipe and López-Querol (Elipe and López-Querol 2014).
[image: Figure 2]FIGURE 2 | Particle size distribution of the aeolian sand.
The average specific gravity of the samples was 2.67, which is similar to the mean specific gravity values for dune sands that have been determined in many other parts of the world. For example, specific gravity values for the aeolian sand in Libya are between 2.59 and 2.70 (Khan 1982), whereas those for aeolian sand range from 2.63 to 2.67 in Qatar (Al-Ansary et al., 2012), from 2.62 to 2.75 in Kuwait (Al-Sanad et al., 1993), and from 2.67 to 2.70 in Iraq (Al-Taie et al., 2013), respectively.
3.2 Determination of the Optimal Cement Content for CAS Backfills
In most of the cases, the natural moisture content is extremely low, ranging between 0 and 4%, due to the infrequent rainfall, deep water table and high capacity of evaporation (Elipe and López-Querol 2014). As a result, in this study, the aforementioned aeolian sands were moulded to a moisture content of 3% for both UAS and CAS backfills.
The cement used in this study was ordinary Portland cement (OPC), which is widely used in China. In general, the cement requirement for low plasticity soils and sands varies from 3 to 11% by dry weight (Al-Aghbari and Dutta 2005). To determine an optimal cement content for CAS backfills, direct shear tests were carried out on specimens obtained from the CAS with cement content of 3, 6, and 9%, by dry weight of the sand. The aeolian sand with a moisture content of 3% and the required amount of OPC corresponding to different percentage of cement were mixed thoroughly to a uniform colour, respectively. The resulting mixtures were then compacted in the compaction mould and cured at room temperature. Standard loading and measuring procedures were conducted in accordance with the ASTM D3080 (ASTM 2011b) after 28 days curing time for CAS.
Each of the shearing tests was performed by preparing the specimens (20 mm in height and 61.8 mm in diameter) for the direct shear tests, applying a predetermined normal stress, pushing forward the frame of the shear box horizontally at a constant displacement rate of 0.02 mm/min, and measuring the shearing force and horizontal displacement as the specimen was sheared. Figures 3–6 show the nominal shear stress and normal displacement versus shear displacement of the specimens in direct shear tests for UAS and CAS with different cement content under different normal stresses (100 kPa, 200 kPa, 300 kPa, and 400 kPa), respectively.
[image: Figure 3]FIGURE 3 | Nominal shear stress (A) and normal displacement (B) versus shear displacement of UAS with water content of 3%.
The behaviour of the UAS and CAS backfills shown in these figures can be described as follows, with attention to the influences of normal stress:
For UAS with a moisture content of 3% and a relative density Dr = 60%, all curves of the nominal shear stress versus shear displacement in Figure 3 indicate gradually hardening behaviour (showing no peak shear stress), and all normal displacements increase with shear displacement indicating shear-compression (negative normal displacement). Thus, as the normal stress increases, the shear compression will also increase. Physically, it is likely that the interaction between the sand grains is linked to the rounded surfaces, which leads to a easier slip.
For CAS with cement content of 3%, the curves of the shear stress versus shear displacement in Figure 4 show hardening-softening (showing a peak shear stress) behaviour under normal stresses of 100 and 400 kPa, but indicate gradually hardening behaviour under normal stresses of 200 kPa, 300kPa. The corresponding curves of normal displacement and shear displacement show shear-dilation (positive normal displacement) under normal stresses of 100 kPa, 200 kPa, and 300 kPa and shear-compression for higher normal stresses of 400 kPa.
[image: Figure 4]FIGURE 4 | Curves of nominal shear stress (A) and normal displacement (B) versus shear displacement of CAS specimens with cement content of 3%.
For CAS with cement content of 6% as shown in Figure 5, the curves of the shear stress versus shear displacement change from hardening-softening under a normal stress of 100 kPa to gradually hardening behaviour under normal stresses of 200 kPa, 300 kPa, and 400 kPa. The corresponding curves of normal displacement and shear displacement show shear-dilation under a normal stress of 100 kPa and shear-compression for higher normal stresses of 200 kPa, 300 kPa, and 400 kPa.
[image: Figure 5]FIGURE 5 | Curves of nominal shear stress (A) and normal displacement (B) versus shear displacement of CAS specimens with cement content of 6%.
For CAS with cement content of 9% as shown in Figure 6, all curves of the nominal shear stress versus shear displacement exhibit gradually hardening behaviour. All normal displacements increase with shear displacement indicating shear-compression, and as the normal stress increases, the shear dilation increases.
[image: Figure 6]FIGURE 6 | Curves of nominal shear stress (A) and normal displacement (B) versus shear displacement of CAS specimens with cement content of 9%.
In order to compare the effects of amount of cement on mechanical behaviour of CAS with cement content, shear strength parameters such as cohesion and angle of internal friction were evaluated from the tests. Using the experimental test data, the shear stress at failure was plotted against the normal stress, and a straight-line fit was used to determine the fitting parameters of angle of internal friction and cohesion. Figure 7 shows variation of shear strength parameters of angle of internal friction and cohesion with cement content, which provides a clear indication of the improved aeolian sand shear strength. However, it should be noted that the failure criterion was considered as the point at which the shear stress starts to decrease (peak shear stress) or to remain fairly constant after an amount of 4 mm in relative lateral displacement (critical shear stress), as observed in the raw test data.
[image: Figure 7]FIGURE 7 | Variation of shear strength parameters with cement content: (A) Cohesion and (B) Internal friction angle.
As shown in Figure 7, the angle of internal friction for the UAS specimens was 36.1° and the cohesion was approximately zero. However, the corresponding values of the angle of internal friction and the cohesion were 37.8°, 30.2°, and 37.9°, and 18.2, 43.6, and 16.8 kPa for the CAS specimens with the cement content of 3, 6, and 9%, respectively. In general, the angles of internal friction of the UAS and CAS specimens had less dependency on the addition of cement. However, the maximum cohesion is 43.6 kPa when 6% cement was added to the aeolian sand with a moisture content of 3%. Therefore, the optimal cement content of 6% could be determined for CAS backfills in the next uplift load tests.
4 UPLIFT LOAD TESTING PROCEDURE
4.1 Backfill Controlling
All the laboratory-testing program were carried out at the apparatus in Figure 1 described previously. The UAS backfill was also moulded to a moisture content of 3% by aforementioned aeolian sand obtained in the Hobq Desert in the Inner Mongolia Autonomous Region in advance, and the CAS backfill was prepared in a rotating drum mixer by mixing the aeolian sand with a moisture content of 3% and the required amount of OPC corresponding to the optimal cement content of 6% by weight of dry aeolian sand to a uniform colour.
Appropriate trench backfill and compaction is a critical success factor for load test. Controlled pouring and tamping techniques were used in tests to obtain homogeneous UAS and CAS beds of reproducible backfill. The unit weights of the sand bed in the tests were controlled by weighing the required quantities of UAS and CAS for each layer beforehand to ensure compatibility between the backfill volume and the weight placed in the compaction pit. Bulk density tests indicated that the average unit weights were 14.5 kN/m3 and 14.7 kN/m3 for UAS and CAS backfills, respectively. Overall, the backfill control indicated a homogenous sand bed for UAS and CAS, and each of the model plate anchors was embedded in these prepared UAS and CAS backfills.
4.2 Test Method
Each of the load tests on the model plate anchors embedded in CAS was conducted after 28 days of curing time, whereas the tests on the model plate anchors in UAS did not have any curing period. All the tests were conducted with the same loading, reaction, instrumentation, and data acquisition systems.
The slowly maintained load method was adopted in all tests; that is, the uplift loading was applied in increments of 10% of the predicted ultimate load of each individual foundation, and the foundation was allowed to move under each maintained-load increment until a certain rate of displacement was achieved. Each load increment was maintained after loading until two consecutive displacements within each hour were less than 0.1 mm. Then, the next increment of load was added. This is the typical test procedure recommended by the CNS GB50007 (CNS 2011) and CLC JGJ 94 (CLC 2008). Each of the load tests was continued to the point at which failure was believed to have happened, and then, the test was halted.
5 RESULTS AND DISCUSSION
5.1 Load–Displacement Response and Uplift Resistance Determination
In this study, the uplift load test results of all the tests in UAS and CAS backfills were discussed in terms of load–displacement curves. Figure 8 illustrates the plots that relate the applied uplift load to the pier-head vertical displacement for each of the model plate anchors.
[image: Figure 8]FIGURE 8 | Comparison of the relationship between uplift load and displacement for model plate anchors with width of (A) D = 0.3 m; (B) D = 0.6 m; (C) D = 0.9 m in UAS and (D) D = 0.1 m; (E) D = 0.2 m; (F) D = 0.3 m in CAS.
In general, the load–displacement curves of the model plate anchors embedded in CAS differ markedly from those in UAS. As shown in Figures 8A–C, the load–displacement curves of the model plate anchors embedded in UAS generally exhibit a three-phase behaviour: 1) initial linear behaviour, which shows a gradual increase in uplift resistance; 2) nonlinear transition to peak uplift resistance behaviour; and 3) post-peak behaviour, which shows a slight, continuous decrease in resistance with larger displacement before reaching the residual phase. However, as shown in Figures 8D–F, the load–displacement curves of the model plate anchors embedded in CAS present a typical two-phase behaviour: 1) pre-peak behaviour, in which the uplift resistance increases linearly but shows only slight increases in displacement and the load-carrying capacity of the model plate anchor reaches a peak load; and 2) post-peak behaviour beyond the peak where the uplift resistance either decreases rapidly or increases slightly as the displacement increases.
It should be noted that the failure can be easily identified in all the tests on the model plate anchors embedded in UAS and CAS; the former started at large displacements and the latter appeared at tiny displacements. The uplift failure resistance at the peak point, TUR, and the corresponding displacement, sUR, for each of the load tests is summarised in Table 1.
Based on the comparisons in Figure 8, it is also clear that the initial pre-peak uplift stiffness benefits strongly from the addition of cement. This obviously highlights the effectiveness of the insertion of cement in aeolian sand for the improvement of the uplift performance of plate anchors. The addition of cement does, however, lead to a brittle load–displacement response. This phenomenon is consistent with that reported by Rattley et al. (Rattley et al., 2008). As a result, uplift resistance reduces sharply or displacement increases dramatically after the peak resistance is mobilised at an average displacement of 1.20% of the plate width, whereas the average displacement for the model plate anchors embedded in UAS is about 1.64% of the plate width. This may be related to the destruction of the cement bonds between aeolian sand grains with continued shearing (i.e., reduction in the cohesion component of shear strength). However, such brittleness may not be a significant design consideration for transmission tower foundations, which often limit uplift to 25 mm under ultimate loads; this uplift equates to a displacement of about 1% for typical foundation width of 2.5 m (Rattley et al., 2008).
Failure of the uplift-loaded plate anchors in UAS and CAS was typically associated with the appearance of cracks on the ground surface in the vicinity of the anchors when tensile strength is reached before failure (i.e., before reaching ultimate shear strength), as shown in Figure 9. Similar to the report by Consoli et al. (Consoli et al., 2013), it can be drawn that the failure surfaces were approximately straight lines that began close to the outer edge of the anchor plates and symmetrically propagated to the ground surface with a slope of the failure surface. In general, the failure of the plate anchors in CAS had a larger truncated cone shape with a slope angle with the vertical and wider brittle radial cracks than those of the plate anchors in UAS.
[image: Figure 9]FIGURE 9 | Typical photos of the bulge and sketch of cracks after pullout failure: (A) D = 0.3 m, H = 1.2 m in UAS, (B) D = 0.3 m, H = 1.5 m in UAS, (C) D = 0.2 m, H = 0.5 m in CAS, and (D) D = 0.2 m, H = 0.7 m in CAS.
5.2 Discussion of Uplift Resistance Calculation
Thefailure of vertically uplifted foundations can be classified into shallow and deep modes (Meyerhof and Adams 1968; Pacheco et al., 2008). According to the studies by Pacheco et al. (Pacheco et al., 2008), the model plate anchors embedded in UAS and CAS in this study would be in shallow failure mode. As a popular method, the earth cone or dead weight method has been widely adopted for plate anchor designs worldwide (Matsuo 1967; Meyerhof and Adams 1968; Matsuo 1968), and Figure 10 shows the assumed slip surface of this method in the shallow failure mode. In this method, the ultimate uplift resistance is assumed to be equal to the sum of the dead weight of the foundation and the soil mass contained in the truncated pyramid with the bottom of the foundation slab as a base; therefore, the theoretical equation for the uplift resistance can be determined using the following relationship:
[image: image]
where Gf is the dead weight of the foundation, γs is the unit weight of the earth lying above the bottom of foundation slab, V0 is the volume of the foundation below the ground surface, and Vt is the volume of the truncated pyramid, and can be expressed using the following equation:
[image: image]
where D is the width of the foundation, H is the embedment depth of the foundation, and α is the slope angle of the pyramidal failure surface to the vertical or to the direction of uplift load.
[image: Figure 10]FIGURE 10 | Assumed failure surface of the earth cone or dead weight method.
Based on the failure uplift resistances, TUR, and Eqs 1, 2, the values for the slope angle α of all tests can be determined and are presented in Table 1. The magnitude of the slope angle α varies with soil properties and plate dimensions, and the values of α corresponding to the failure uplift resistances are plotted against the embedment ratio, H/D, on Figure 11 for all model tests on plate anchors embedded in UAS and CAS.
[image: Figure 11]FIGURE 11 | Relationship between the angle α and embedment ratio, H/D, for all model tests.
It is evident form Figure 11 that the magnitude of the slope angle α corresponding to the peak failure resistance for the foundations embedded in CAS is much larger than that for the foundations embedded in UAS. For a given mat width, D, the magnitude of the slope angle α for model plate anchors in UAS and CAS decreases with the embedment ratio, H/D. Additionally, for a given embedment ratio, H/D, the magnitude of the slope angle α for model plate anchors in UAS and CAS decreases with the plate width, D. These findings are quite important for the design of plate anchors embedded in CAS and UAS backfills subjected to uplift loads.
6 CONCLUSION
The following primary conclusions can be drawn from the comparative model test results on square model plate anchors embedded in UAS and CAS backfills:
1) Significant increases in initial pre-peak uplift stiffness and peak resistance can be obtained for model plate anchors subjected to uplift, irrespective of embedment ratios of H/D, when a relatively small amount of cement (an optimal cement content of 6% by weight of dry aeolian sand determined by direct shear test in this study) is added to the aeolian sand backfill, as addressed in other studies.
2) The load–displacement response of the plates embedded in CAS differ markedly from that in UAS. In general, the uplift load–displacement curves for plates embedded in CAS show both pre-peak and post-peak behaviours, whereas the curves for those in UAS exhibit an initial linear, a nonlinear transition to peak uplift resistance, and a post-peak region.
3) The addition of cement to aeolian sand backfill leads to a brittle uplift load–displacement response and a large reduction in available resistance after an average displacement of 1.20% of the plate width. This may be related to the brittle nature of the CAS backfill shear strength characteristics.
4) The magnitudes of the slope angle α of the earth cone or dead weight method used to calculate the uplift capacity of shallow spread corresponding to the peak failure resistances are much larger for plate anchors embedded in CAS than for those in UAS and decrease as the mat width, D, and embedment ratio, H/D, decrease.
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This paper analyzed the earth pressure, pore pressure, and surface settlement of the Luoyang urban rail transit tunnel in a sandy gravel stratum (Henan Province, China) under different burial depths by using field measurement methods. The results showed that the earth pressure as well as pore pressure of the soil layer above the working surface increased sharply and reached their maximum values when the cutter head of the shield gradually crossed the working surface. During the completion of synchronous grouting, the earth pressure and pore pressure increased slightly; when shield tunneling passed through the working surface, the earth pressure is smaller than the original earth pressure due to the unloading effect. The surface settlement curve above the tunnel took on a “V” shape after the completion of the left-side tunnel excavation, conforming to the normal distribution pattern. The surface settlement curve above the two tunnels took on a “W” shape after the completion of the right-side tunnel excavation, which is in good agreement with the proposed theoretical calculations. The findings of this study can help for better understanding the control of safety risk during shield construction.
Keywords: shield tunnel, sandy gravel, pore pressure, earth pressure, surface settlement
1 INTRODUCTION
To improve increasingly congested road traffic, many cities in China have begun to build subways. In a subway tunnel crossing project, reducing the disturbance to the ground during the construction process is the key to ensuring the safety of the project. The shield construction method is typically used to construct subway tunnels, but the impact of tunnel construction on the surface and underground pipelines and other facilities is still inevitable. The self-stability of sandy gravel strata is poor, so accidents easily occur as shield tunneling is excavated. The important impact of shield tunnel construction on soil disturbance is the settlement caused by front excavation and the filling of shield gaps. At the same time, the stability analysis of the excavation surface and the impact of the shield tail grouting process are also very important. However, there are many difficulties in constructing shield tunnels in sandy gravel strata. It is very important for the safety of surrounding buildings and various facilities to grasp the law of the influence of the entire construction process on soil disturbance (Bai and Li, 2013; Hamrouni et al., 2019; Bai et al., 2021a).
Many scholars have discussed the ground deformation and stability caused by shield tunnel excavation. Peck (1969) assumed that when a tunnel is excavated under undrained conditions, it is possible to use the volume of the tunnel settlement tank to quantify the amount of ground loss, and the surface settlement curve was obtained which presents a normal distribution law. Shahin et al. (2011) accomplished a test study on the surface settlement and earth pressure through a self-developed test device and clarified the impact of the volume loss on the earth pressure by analyzing the test results. Shi et al. (1933) proposed a theory based on the classical Mindlin elastic theory and simulated the ground settlement during a shield tunnel construction process. Attewell and Farmer (1974) thought that the surface settlement of the tunnel center can be approximated as a parabolic function and obtained a formula for calculating the surface settlement. Meguid et al. (2008) summarized the physical models used in soft soil tunnel engineering research and analyzed the advantages of each method. Mair et al. (1985) studied the measured results obtained by tunnel shield excavation and used a centrifugal model to describe the tunnel shield excavation process. Finno and Clough (1985) used the plane strain method to describe tunnel shield excavation, discussed the changes in the ground stress and strain induced by tunnel shield excavation, and discussed the shield machine cutter head. Zhou and Pu (2002) established the interrelation between the support stress and ground settlement and the shape of the ground settlement by centrifugal model tests, which showed that the ground settlement shape conformed to a normal distribution.
Mi and Xiang (2020) suggested a model of tunnel stratum failure considering seepage and compared the experimental results. The calculation results showed that the pore pressure distribution above the working surface was basically symmetrical. Khalid et al. (2020) suggested a mathematical model for predicting the balance performance of earth pressure and verified the rationality of the theoretical model. Tsuno et al. (2020) discussed the mechanical properties of a shield tunnel segment lining through model tests, showing that the axial force of the anchor decreased with an increase in the compression failure. Compared with the cast-in-place reinforced concrete lining, its deformation capacity is larger. The abovementioned studies are all based on clay, silty clay, and sandy clay formations. However, the high content of sandy gravel, large particle size, large friction between particles, small plastic flow, and poor mechanical properties of the gravel stratum seriously affect the construction of shield tunnels. Previous studies on shield tunnel construction in sandy gravel strata have mainly focused on cutter head wear and TBM selection (Bai and Su, 2012; Thewes and Hollmann, 2016; Zumsteg et al., 2016; Bai and Shi, 2017; Bai et al., 2020). The deformation of sandy gravel stratum induced by shield tunnel construction and the stability are less studied (Bai et al., 2014; Khabbazi et al., 2019; Yang and Bai, 2019). In addition, many discussions in recent years have indicated that the temperatures of shield cutter heads are generally 40–50°C under normal working conditions. However, as the mud cake on a shield cutter head increases, the tunneling speed gradually slows down, the torque of the shield cutter head increases significantly, and the cutter head temperature can reach 400–500°C (Bai, 2006; Vinai et al., 2008; Bai et al., 2017; Bai et al., 2019a; Tian et al., 2019). Moreover, the high temperature application of the shield cutter head will increase the temperature increment of the soil layer in contact with the excavation surface (Ren et al., 2001; Bai and Li, 2009; Bai et al., 2016; Chen et al., 2020). Thus, the moisture inside it will migrate under the action of the temperature gradient, forming a water-heat coupling phenomenon in a local area near the excavation surface (Gong et al., 2019; Hu et al., 2020; Qing et al., 2020; Sohaei et al., 2020; Xu et al., 2020; Xue et al., 2020). Many studies have shown that changes in soil temperature and water flow greatly influence the deformation characteristics (Bai et al., 2019b; Yan et al., 2020; Bai et al., 2021b). At present, there is little research on the response of shield tunneling in the transient process. Therefore, it is necessary to discuss the earth pressure, pore pressure, and surface deformation under different burial depths in sandy gravel strata (Flessati and di Prisco, 2018; Zizka et al., 2019; Huang et al., 2020).
Based on the first phase project of Luoyang Urban Rail Transit Line 2 (Henan Province, China), this paper analyzed the measuring results of the earth pressure, pore pressure, and surface settlement at different buried depths in the sandy gravel stratum during the tunnel shielding process. The disturbance effect of shield tunneling on gravel layer includes the factors such as stratum deformation, pore pressure change, stress state characteristics, and the effect of synchronous grouting. A theoretical model is proposed to simulate the ground surface settlement above double-track tunnel. This research can provide a scientific basis for determining the safety of risk control within the scope of shield construction.
2 MEASURING SCHEME AND RESULTS
Three typical sandy gravel stratum sections are selected as the research objects in front of shield tunnel. Earth pressure/pore pressure gauges (precision 0.1 kPa; Figures 1A,B) were used to measure the changes in soil stress and pore pressure (Zhang et al., 2016) at different measuring locations near the tunnel during the tunneling process. A high-precision displacement gauge (precision 0.1 mm; Figure 1C) was used to measure the ground surface settlement during the tunneling process.
[image: Figure 1]FIGURE 1 | Layout of measuring points (unit: m): (A) pore pressure and earth pressure in plane, (B) pore pressure and earth pressure in depth, and (C) soil layer settlement.
2.1 Pore Pressure
Figure 2 indicates the changes in pore pressure at different positions along the tunnel construction direction with the construction time. From the perspective of the construction direction, for the measurement points located on both sides of the tunnel, the shield tunnel is disturbed by the shield construction, resulting in pore pressure (i.e., excess pore water pressure). Figure 2 states clearly that the pore pressures at most of the measurement points do not exceed 2.5 kPa; when the shield construction stops, the pore pressure gradually dissipates over time. In addition, the pore pressure at most measuring points returns to the initial value. The above process is reflected in the measurement points at different depths in the left and right tunneling processes. The pore pressure located at the top of the tunnel changes with the construction time in the same way as the monitoring points at both ends of the tunnel. After being disturbed by shield construction, pore pressure will be formed. At the location of the measuring point, the pore pressure reaches its peak value. For example, the pore pressure of No. 5 was 28 kPa at the burial depth of 16 m (Figure 2C), and the pore pressure of No. 5 was 10.3 kPa at the burial depth of 13 m (Figure 2B).
[image: Figure 2]FIGURE 2 | Pore pressure with construction time along the direction of tunnel at different burial depths: (A) 10 m, (B) 13 m, and (C) 16 m.
Figure 3 shows the variation in pore pressure along the cross-sectional direction with construction time, which reflects that the pore pressure at the near shield at the same cross-sectional position is significantly greater than that at the far shield, and its influence decreases as the position of the shield machine increases. This is due to the forward thrust squeeze and lateral thrust pressurization when the shield machine is working. For example, as the shield machine gradually enters the monitoring point, the pore pressure of the monitoring point (e.g., near the shield, No. 5) located at a depth of 16 m from the surface at the same section changes significantly, reaching a peak value of 28.0 kPa at 32 h (Figure 3C), while the pore pressure of monitoring point No. 11 at the same depth of 16 m on the surface does not change much (Figure 3C). When the shield machine continues to advance, the pore pressure at each monitoring position will not completely dissipate. This is caused by the existence of grouting pressure. The slurry gradually disappears after reaching a certain strength and finally stabilizes.
[image: Figure 3]FIGURE 3 | Pore pressure with construction time perpendicular to tunnel direction at different burial depths: (A) 10 m, (B) 13 m, and (C) 16 m.
With the decrease in the distance from the shield machine, the pore pressure increases, and the pore pressure monitoring curve appears as a double hump due to the influence of simultaneous grouting and secondary grouting (Zumsteg et al., 2016). When the shield machine pushes past the measuring point, the pore pressure cannot completely dissipate due to the grouting pressure. Then, the pore pressure disappears after the grouting body reaches a certain strength.
2.2 Earth Pressure
Figures 4, 5 show the distribution characteristics of the earth pressure induced by the advancement of the shield at different positions. From the perspective of the construction direction, the earth pressure in front of the tunnel increases due to the shield machine driving forward, and the effect of synchronous grouting construction after the shield machine passes on the earth pressure around the tunnel is also obvious. As a result, the earth pressure above the tunnel significantly increases, and as the shield machine is unloaded by force, the earth pressure decreases significantly and finally stabilizes as the grouting body solidifies. Observing the change in the earth pressure with the construction time, it can be found that the soil layer in front of the tunnel increases due to the compression of the soil during the advancing process of the tunnel. The scope of influence is approximately 6 m in front of the shield machine according to the maximum value obtained from the measurement results.
[image: Figure 4]FIGURE 4 | Earth pressure with construction time along the direction of tunnel at different burial depths: (A) 6 m, (B) 8 m, and (C) 10 m.
[image: Figure 5]FIGURE 5 | Earth pressure on both sides of the tunnel with construction time: (A) left side and (B) right side.
As the shield machine is constructed in the left-side tunnel, its impact on the earth pressure imposed on the left-side tunnel is more obvious. However, when the shield machine is constructed in the right-side tunnel, its impact on the earth pressure is small. The influence of machine advancement on the earth pressure near the shield is significantly greater than that at the far shield, and the influence on pore pressure is similar. For the soil between the two tunnels, due to the impact of shield construction, the earth pressure within 14 m from the ground surface has a different increase in earth pressure. The increase rate increases with the increase of distance from the ground depth. For the soil layer below 14 m away from the ground surface, the stress redistributes due to the soil disturbance of the tunnel shield excavation. Therefore, the earth pressure of the soil below 14 m from the ground surface decreases.
During synchronous grouting, the earth pressures reached their maximum. When synchronous grouting was completed, the earth pressure dropped to a minimum; during the assembly process of the next segment, the earth pressures repeated the abovementioned process of sharp “shoot up-fall back,” but the earth pressure was slightly lesser than the previous process. The earth pressure tends to be stable until the shield machine is far away from the monitoring position (Bai et al., 2020).
2.3 Ground Settlement
Figure 6 displays the settlement during the tunneling of the shield tunnel. In Figure 6, the negative value indicates settlement and the positive value represents uplift. Figure 6 indicates that the excavation of the shield machine not only leads to ground settlement directly above the tunnel but also leads to the settlement of the soil within a certain range on both sides of the tunnel axis. Figure 6A also indicates that the settlement curves at different positions of the shield cutter head distance are roughly similar, and the maximum settlement deformation occurs at the location of the tunnel central axis. When the shield cutter head is 40 m away from the section, the settlement deformation at the central axis of the tunnel reaches a maximum value of 14.5 mm (Figure 6A). The soil within 10 m on each side of the tunnel axis also experienced obvious settlement, and at first, its settlement increased with the distance of the shield machine cutter head away from the set monitoring section and then gradually stabilized.
[image: Figure 6]FIGURE 6 | Surface settlement curves of the three sections: (A) D1, (B) D2, and (C) D3.
When the shield machine gradually passes through and leaves monitoring section D2, the settlement at the tunnel center is still the most obvious (Figure 6B). As the shield machine gradually approaches the monitoring section, the soil in front of the shield is squeezed and deformed due to the excavation pressure, causing a slight uplift of the surface. When the shield machine traverses the monitoring section, the settlement deformation of the ground surface is small. This is because the soil above the tunnel moves downwards and backwards due to the insufficient support provided by the tunnel excavation, resulting in the previous uplift, and gradually descends and returns to the ground surface with a slight settlement. As the shield machine gradually moved from the measuring section, the soil at the center axis of the tunnel gradually increased due to the settlement that occurred after the shield body broke out, rebounded due to the grouting behind the wall and finally stabilized. Similarly, the soil within 10 m on each side of the tunnel axis also undergoes obvious settlement, and its settlement deformation first increases with the distance of the shield machine cutter head away from the set monitoring section and then gradually stabilizes. Comparing Figure 6B with Figure 6C, it can be found that when the shield machine gradually passes through and drives away from the monitoring section, the soil settles within a certain scope between the tunnel center and the two sides of the tunnel axis. The deformation law is similar to that of the D2 monitoring section. When the shield cutter head distance is −20 m from the monitoring section, the ground surface has a small settlement, and the maximum settlement at the central axis is 0.46 mm; when the shield cutter head distance is −10 m, the soil in front of the shield is subject to excavation. The pressure is squeezed and deformed to the surroundings, causing a slight uplift of the ground surface, which reduces the settlement at the central axis position to 0.2 mm. When the shield cutter head crosses and moves away from the monitoring section, the ground surface above the monitoring section undergoes significant subsidence. When the distance between the disc and the measuring section is 30 m, the surface settlement has stabilized, and the maximum surface settlement at the center of the tunnel is 14.8 mm.
3 DISCUSSION
3.1 Settlement Shape
The characteristics of the D2 and D3 cross-section settlement tanks are analyzed below. The ground surface settlement of the double-side tunnel is presented in Figure 7 after the completion of excavation construction of the right-side tunnel. Figure 7 shows that when the left-side tunnel is excavated, the settlement curve of the ground above the left-side tunnel has a “V” shape. For sections D2 and D3 (the left-side tunnel), the soil surface above the centerline has the largest settlement, at 9.17 and 14.84 mm, respectively. After the completion of the right-side tunnel excavation, the ground settlement curve of the surface above the two-side tunnel is W-shaped. After the excavation of the right tunnel is completed, the maximum ground settlement of the soil surface above the centerline of the left tunnel increases from 9.2 to 9.6 mm. On the other hand, the maximum ground settlement above the centerline of the right tunnel is 12.8 mm. For section D3, the maximum ground settlement above the centerline of the left tunnel increases from 14.8 to 16.7 mm, and the maximum ground settlement above the centerline is 14.0 mm. Figure 7 also shows that the soil on the right side of the left-side tunnel is greatly influenced by the left-side tunnel construction, and different amplitudes of subsidence occur within a certain range of influence. The tunnel excavation has little impact on subsidence, indicating that the construction scope of the right-line tunnel is within the area affected by the construction of the left-side tunnel.
[image: Figure 7]FIGURE 7 | Settlement curve perpendicular to tunnel direction at different sections: (A) D2 and (B) D3
A calculation model based on the superposition principle (Suwansawat and Einstein, 2007; Zhou et al., 2021) is proposed to predict the ground settlement of the double-track tunnel, namely,
[image: image]
where x is the transverse horizontal distance from the center line of the double-track tunnel, S(x) is the land subsidence at position x, Smaxf and Smaxl are the maximum ground settlement of the first left-line tunnel and the second right-line tunnel, respectively, L is the distance between the axes of the double-line tunnel, if and il are the width coefficients of cross-section settlement tank for the first left-line tunnel and the second right-line tunnel, respectively, R is the excavation radius of the tunnel, ηf and ηl are the strata volume loss rate of the first left-line tunnel and the second right-line tunnel, respectively.
Figure 7 gives the comparison between the calculated results by using Eq. 1 and the measured results, and the selected calculation parameters are shown in Table 1. The comparison results show that Eq. 1 can well predict the ground surface settlement of the double-track tunnel. Due to the first tunnel construction produces strata disturbance, which affects the later tunnel, the strata volume loss rate of the two tunnels is different, namely, [image: image]. Hence, the settlement curve changes from V-shaped to W-shaped with the increase of tunnel spacing (L), which is similar to the previous studies (Suwansawat and Einstein, 2007; Zhou et al., 2021).
TABLE 1 | The selected calculation parameters for the double-track tunnel.
[image: Table 1]When the settlement in the center of the double-track tunnel (i.e., x = 0) is greater than or equal to [image: image], the settlement curve presents a V-shaped distribution; otherwise, the settlement curve presents a W-shaped distribution. Thus, according to Eq. 1, the distribution shapes of settlement curves corresponding to double-line tunnels with different spacing (L) can be obtained. That is, when [image: image], the ground surface settlement curve of double-track tunnel construction is V-shaped; when [image: image], the ground surface settlement curve of double-track tunnel construction is W-shaped. From Table 1, the D2 section monitored in this paper α = 1.32 > 1, the settlement of the first left-line tunnel is smaller than that of the second right-line tunnel, and [image: image]. Hence, the ground surface settlement curve of the D2 section presents a W-shaped distribution. The D3 section α = 0.91<1, the settlement of the first left-line tunnel is greater than that of the second right-line tunnel, and [image: image], so the ground surface settlement curve of the D3 section presents a W-shaped distribution.
3.2 Variation in Surface Settlement
Figure 8 clearly shows the variation curve of the ground surface settlement with the excavation of the tunnel. When the shield cutter head is digging to the front of the operation, a slight uplift appears on the surface of the soil, and the range of the uplift is 15 m in front of the operation. When the shield machine gradually pulls out and moves away from the working surface, the settlement of the soil above the working surface gradually increases as the distance between the shield machine and the working surface increases. When the distance reaches 20 m, the settlement of the ground surface reaches 9.2 mm, which means that the synchronous grouting effect is poor and cannot fully control the deformation of the stratum. With the effect of the slurry, the soil above the working surface rebounded to a certain extent and finally stabilized.
[image: Figure 8]FIGURE 8 | Surface settlement along the direction of tunnel at different burial depths.
When the shield cutter head was digging to the front of the operation, the ground surface above the operation surface did not bulge, but a small amount of subsidence occurred (Figure 8B). After the machine is gradually pulled out and away from the working surface, the settlement of the soil above the working surface gradually increases. When the distance between the machine and working surface reaches 15 m, the ground surface settlement reaches a maximum of 16.1 mm. This stage is consistent with the settlement on the left line. It also shows that the effect of synchronous grouting is poor and cannot fully control the deformation of the ground. At the same time, with the effect of grouting behind the wall, the settlement of the soil above the working surface rebounds and finally becomes steady.
When the shield cutter head was digging to approximately 25 m before the operation front, the soil surface above the operation surface had a slight settlement (Figure 8C). When the shield cutter head was digging to the operation front at approximately 15 m, there was slight uplift on the surface above the working surface. The uplift range is approximately 10 m in front of the excavation surface with the advance of construction. When the shield machine gradually exits the working surface, the ground surface above the working surface merges. The synchronous grouting effect is better and has the effect of controlling the deformation of the ground. When the shield machine comes out and gradually moves away from the working surface, the settlement of the surface above the working surface also gradually increases. When the shield machine exited the working surface by approximately 10 m, the ground subsided significantly to 14.0 mm and finally stabilized.
4 CONCLUSION
As the shield cutter head gradually approached the working surface, the earth pressure and pore pressure above the working surface increased sharply and then reached their maximum values. When the shield tunnel crossed the working surface, due to the unloading of the soil, the earth pressure is smaller than the original earth pressure, gradually.
In the soil layer on both sides of the tunnel, the earth pressure and pore pressure are obviously lower than the soil at the center. The time when the earth pressure and pore pressure reached the peak is later than the time when the shield machine passed the working surface.
With the excavation of the left-side tunnel completed, the ground surface settlement curve above the left-line tunnel took on a “V” shape, which conforms to the normal distribution pattern. As the right-line tunnel was excavated, the surface settlement curve above the two tunnels had a “W” shape, which is in good agreement with the theoretical prediction.
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Shield tunneling in highly fractured karst water-rich conditions easily results in water inrush disaster or even causes the roof of the karst caves to collapse. Severe water inrush disasters have occurred during the EPB (earth pressure balance) shield machine of the Jinan Metro Line R1 advanced through a karst and fissure groundwater-rich limestone ground in the spring area. To cope with the extreme water inrush risk, a multi-step combined control technology was put forward. First, a detailed geological exploration was carried out by ahead geophysical prospecting using high-density resistivity method, geological radar, etc., and geological borehole drilling was conducted from the ground surface before excavation. As a result, the distribution orientation, size, fissure development degree, and water inflow channel within the surrounding rock of the karst caves were detected. Second, multi-step grouting was performed to reinforce the surrounding rock, including pre-grouting treatment and filling rock blocks to the big karst caves from the ground surface, multiple grouting with a small amount of inert slurry each time inside the tunnel, and secondary circumferential hoop grouting at the shield tail. Third, the tunneling process was optimized, including optimizing the tunneling parameters, making full use of the air-pressurized tunneling technology of the EPB to press bentonite into the fractures around the excavation cabin to seal the fissure water, and using the drainage system of EPB and muck improvement technology to reduce the water inrush disaster. Meanwhile, shield protection slurry technology is applied to cutter inspection and replacement in the pressurized chamber under dynamic water flow environment of the spring terrain. The practice shows that the water inrush on the tunnel face is obviously alleviated after the shield machine advanced into the grouting area. According to statistics, the water inflow on the tunnel face decreases from about 4 m3/h before treatment to less than 0.3 m3/h after the abovementioned control, and the water seepage between the segmental linings reduces to almost zero. The average advance rate increased from 3 m/day without stopping or even zero when the shield machine needs to shut down 2–3 days for drainage to about 6 m/day. In addition, the treatments prevented the shield machine from jamming and the head descending disaster. This study provided a reliable control method for shield tunneling through the karst and fissure water-rich area and played an essential role in protecting the spring water.
Keywords: karst and fissure water inrush disaster, shield tunneling, multi-step combined control technology, detailed geological exploration, multi-step grouting, tunneling optimization
1 INTRODUCTION
With the continuous increase of metro lines, more and more metro tunnels will inevitably be built in complex hydrogeological environments. Among them, karst terrains are widely distributed in China, which is the most common geological problem during metro construction (Li et al., 2020a; Kang et al., 2021; Zheng et al., 2021). Because of their strong concealment, high complexity, and difficulty in treatment, they are prone to cause the shield machine heading down and subsidence, water and mud inrush disaster, and tunnel face instability. For example, a large ground collapse, water inrush, and mud outburst (10,540.8 m3) occurred in the water-rich area of Qingdao line 4 (China., 2021; Yan et al., 2021).
Jinan is a spring city. The Jinan karst spring area is located in the central and western parts of Shandong Province (Qi et al., 2016). The average daily flow of the spring group is as high as 36.6 × 104 m3/day (Guan et al., 2019). Because of the impact of the dynamic water environment in the spring area, various geological disasters such as ground subsidence, karst cave collapse, and surrounding rock instability are often encountered during the metro tunnels construction, as well as various water environmental problems such as water inrush disaster, groundwater table decline, and water pollution. Among them, Jinan Metro Line R1 is located in a giant natural underground reservoir in the water source of western Jinan, with groundwater reserves of more than 10 billion m3 and complex hydrogeological conditions. The metro line is tunneling through a vast limestone-bearing mixed ground. In addition, many karst caves are distributed in this limestone section. Groundwater mainly comes from the limestone karst and fissures, which is prone to induce water inrush disasters. The construction of urban rail transport projects in water-rich karst areas has enormous risks, such as the roof of the karst cave may collapse. The mud outbursts and water inrushing in the karst cave have become the most severe geological disaster at present, which may lead to flooding of tunneling equipment or even fatal crash.
Previous scholars have performed a lot of laboratory model tests and theoretical and numerical simulation calculations to reveal the mechanism of water inrush hazard in karst and water-rich grounds and provide guidance for water inrush prevention. In terms of model tests, Li et al. (2020b) developed a model test system for studying the water inrushes evolution to reveal the water inrush mechanism triggered by confined karst caves during shield excavation. Using this test system, a model test of the water inrush under EPB (earth pressure balance) shield machine tunneling in the Jinan metro was performed, in which the displacement, stress, and seepage pressure variations were analyzed. Li et al. (2020c) conducted a large-scale three-dimensional geo-mechanical model test on a compound EPB shield tunnel in the “spring city” Jinan metro to study the surrounding rock stability when approaching a cave with confined water. The rock failure and water inrush were mainly resulted from the combining effect of the shield excavation disturbance and the confined water in the cave. The water inrush could be estimated and predicted in terms of the displacement and the seepage during the water inrush in the shield tunnel, the moisture content of the muck, and the ground settlement. In addition, theoretical calculation and numerical simulation methods were proposed. For example, Huang et al. (2017) derived an analytical solution of the collapse surface from a variational calculation on the basis of the upper bound theorem to predict the rock mass collapse when excavated above a karst cave. Accordingly, a formula for computing the minimum thickness to prevent rock pillars collapse is derived. Zhang K. et al. (2018) presented a karst feature predicting method by performing an initial karst evaluation using a fuzzy assessment system to first evaluate the underground karst state and then use geological investigations to update the karst state. Wu et al. (2019) developed computational models to estimate the required minimum rock stratum thickness between the tunnel face and the cave for two types of filled karst caves, with water and with water-mud mixture, respectively. Lee and Moon. (2020) analyzed the change of groundwater regime during excavation in limestone strata containing cavity network by three-dimensional numerical simulation and revealed the groundwater level drawdown mechanism followed by ground subsidence. Then, they proposed an analytical solution for determining the cutoff grouting range to minimize the groundwater inflow during tunneling in a fractured zone. Guo et al. (2020) established a streamline theoretical model for grouting diffusion trajectory with flowing water and analyzed the influence of boundary effect on the grouting diffusion law. Xiong et al. (2020) investigated the deformation and failure process and instability mechanism of karst mountain with deep and large fissures under the coupling of underground mining and fissure water seepage using a UDEC code and analyzed that the mining-induced failure in the mountain with deep and large fissures is additionally the effect of fissure water seepage on the deformation of mining mountain. The model test and the theoretical and numerical calculations have played an important role in understanding the mechanism of water inrush hazards and can provide certain guidance for water inrush prevention. However, these methods can not completely reproduce the water inrush process due to a lot of assumptions and simplification. The guidance to the field water inrush treatment is limited.
Besides, to prevent and treat the karst and water inrush disaster, ahead prospecting and monitoring, and field prevention and control technologies have been widely studied. Regarding advanced geological prospecting and field monitoring, Hu et al. (2009) indicated that the high-density resistivity method is economical, fast, applicable, and effective geophysical exploration, and the survey results are easy to interpret. However, because of the limited detection accuracy of the high-density resistivity method, it must be verified by drilling to improve its accuracy. Carrière et al. (2013) proposed a combining electrical resistivity tomography and ground penetrating radar method to investigate the geological structure of unsaturated karst zones. Li et al. (2015) reviewed the direct current (DC) resistivity detecting and monitoring method for water inrush. They indicated that the DC resistivity method is an important and useful geophysical detection method for water inrush hazard prediction. Liu et al. (2019) conducted seismic ahead prospecting to detect the fractured and karst zones and then applied resistivity ahead prospecting to investigate the water-bearing condition of the fractured and karst zones in limestone strata of Jilin Yinsong TBM project (China). Wang et al. (2021) presented a real-time water inrush monitoring system using the accurate measurement of sensors and wireless transmission bands and developed an early warning method for multi-information interval fusion on the basis of evidence and fuzzy set theory to achieve the fusion of the time series monitoring data. Li. (2021) applied ground-penetrating radar in the karst-rich section of the tunnel. Advanced drilling and exploration proved that the ground-penetrating radar has high precision, efficiency, and anti-interference capacity. In addition, many field treatment methods were presented. For example, Xue et al. (2021) presented genesis, evolution, and prevention measures of water and mud inrush hazards, indicating that different ahead geological prospecting techniques were applied to identify the water-mud-bearing structure initially; then, the risk was evaluated to determine the probability of inrush hazards and provide guidelines for hazard management; meanwhile, the evolution of water inrush channels can be monitored via microseismic monitoring and can be blocked by grouting technology; finally, plugging water exhibiting a considerable flow rate can be treated by dynamic water grouting. Liu et al. (2021) analyzed the grout penetration process and grouting parameters in fractured rock mass. Zhang C. et al. (2018) developed a new grouting material, which takes bentonite and cement as the base material and then adds a curing agent to form excellent fluidity, stability, and scour resistance, to fill karst caverns when there is flowing underground water ahead of the shield tunnel construction. Liu. (2018) studied the gushing prevention technology for shield tunneling in metro line water-rich strata, including shield machine modification, soil improvement, polymer injection, and control of tunneling parameters. Zhang. (2018c) analyzed the prevention and treatment of geohazards during tunneling in groundwater-rich mylonitic faults in Guangzhou. Metro Line No. 7 through tail grouting material optimization, advanced ground monitoring, grouting treatment, shield machine modification, and feedback data monitoring. Niu et al. (2020) introduced a full-section curtain grouting treatment method in fully weathered granite strata for the Guangxi Junchang tunnel. Different kinds of grouting materials were used in different hydrological conditions. In addition, transient electromagnetic methods, water inflow analysis, borehole investigation, and P-Q-T method were applied to evaluate the grouting effect. Yang et al. (2020) proposed a controllable grouting method and two corresponding grouting materials to pre-reinforce the underwater karst region before the shield machine passing in the tunnel of Changsha Metro Line 3. The karst caves were pre-grouted by a so-called vertical layered controllable grouting, which ensured the grouted rocks not only can be easy cut by the shield machine but also possess sufficient strength to keep the tunnel stability. Yan et al. (2021) put forward a set of remedial treatments for ground caves, including filling the caves, reinforcing the advance core ahead of the tunnel face, and conducting the porepoles to form a protective shell. These instruments were applied in the Qingdao Line 4, China. These ahead geological prospecting, prevention, and control technologies provide useful measures for water inrush hazard. However, most of the present ahead prospecting and control methods are used in the traditional mountain tunnels or TBM tunnels. In addition, the control measures such as grouting are usually performed by experience, rather than according to the advance detection results. The burial depth, ground conditions, and treatment environment are quite different from the mountain tunnels and TBM tunnels. Furthermore, under the special excavation characteristics of shield tunneling, synthetical control measures from the aspects of ahead geological exploration, pretreatment, undergrounding grouting, and tunneling optimization are lacking.
To cope with the water inrush hazard in the highly fractured karst stratum under the dynamic spring water conditions in spring areas, based on Jinan Metro Line R1, first, this paper first proposes a comprehensive detection method combining ahead geophysical prospecting and borehole drilling from the ground surface to investigate the karst and fissures distribution and groundwater flow path. Second, according to the detection results, a multi-step grouting technology for water-stopping is put forward, including pre-grouting treatment from the ground surface, underground grouting using inert slurry, and secondary circumferential hoop grouting at the shield tail. Meanwhile, an optimized shield tunneling technology is presented. Accordingly, a multi-step combined control technology for karst and fissure water inrush disaster during shield tunneling is developed, which significantly benefits spring water protection and tunneling safety.
2 PROJECT OVERVIEW AND WATER INRUSH HAZARDS
2.1 Project Overview
R1 Line is the first metro line in spring city Jinan. The R1 Line is located in the west of Jinan, with a total length of 26.1 km and 11 stations, consisting of an overpass section of 16.2 km, a transitional section of 0.2 km, and an underground tunneling section of 9.7 km. This paper studies the tunneling section from Wangfuzhuang Station to Dayangzhuang Station of the Jinan Metro Line R1. The line is tunneling eastward along Liuchangshan Road starting from Wangfuzhuang Station, turns north to Dangyang Road, and then goes northward along Dangyang Road to, finally, Dayangzhuang Station (Figure 1). This tunneling section has a total length of 3,754 m and uses four shield machines.
[image: Figure 1]FIGURE 1 | Schematic diagram of Jinan Metro Line R1.
The R1 Line is located in a giant natural underground reservoir in the water source of western Jinan, a spring city. The groundwater reserves are more than 10 billion m3. The geological conditions are complex. The metro line passes through complex formations such as water-rich silt, pebble, high-strength hard rock, and karst caves. It is the first time to achieve the harmonious symbiosis of springs and metros to realize the safe and efficient metro lines construction in the complex environment of springs. However, there is no mature experience to follow. After 30 years of analysis, argumentation, and construction planning, Jinan has proposed the planning and construction principles of “spring protection priority” and the guiding ideology of “avoiding the spring and elevation the lines when needed” for the first time. After nine rounds of experts’ argumentation, it was believed that the routes, laying methods, and burial depths of the planned R1 Line have almost no impact on the spring water gushing. If reasonable treatment measures are taken, then the impact is controllable. Therefore, it is necessary to adopt detailed detection and control technology for the metro tunnels construction under the dynamic groundwater environment with rich karst caves and fissure water in the Jinan spring area.
2.2 Geological and Environmental Conditions
2.2.1 Engineering Geological Conditions
Jinan Metro Line R1 passes through limestone strata in two tunneling sections. The first limestone section ranges at the Chainage K30 + 505 m–K30 + 768 m (left tunnel) and K30 + 493 m–K30 + 791 m (right tunnel), respectively. The second limestone section ranges at the Chainage K30 + 915 m–K31 + 387 m (left tunnel) and K30 + 875 m–K31 + 384 m (right tunnel), respectively. The geological profile is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Geological profile of the limestone tunneling section.
In the Jinan Metro Line R1, because of the rich tectonic fractures in the soluble limestone strata and because of the abundant flowing groundwater with dissolution capacity, caves are formed with different sizes, shapes, and burial depths under the groundwater dissolution and erosion. The geological survey discovered a large number of karst caves, and the karst and fissure water is rich. The number of karst caves with large size from Wangfuzhuang Station to Dayangzhuang Station is as high as about 150. At the same time, bead-shaped karst caves are revealed. Borehole drilling disclosed that limestone dissolution is severe, and local honeycomb and pinhole-like solution pores and cracks are abundantly distributed. The caves are mainly filled with cohesive soil and fractured rocks of different sizes and content. Under the action of long-term groundwater, the scale of karst caves may be further expanded, and the stability of karst caves is poor. In addition, the uniaxial compressive strength of medium-weathered limestone is 33.5–83.2 MPa with the standard value of 64 MPa and a maximum of 112 MPa. The RQD (rock quality designation) is between 5 and 50, generally 5 and 25. Accordingly, the surrounding rock quality is classified as extremely poor.
2.2.2 Hydrogeological Conditions
The groundwater mainly exists in limestone karst and fissures. The groundwater table is 27.06–32.05 m, and the groundwater burial depth is 11.2–14.6 m. The hydrogeological map (Figure 3) shows that the tunnels pass through the medium-weathered limestone strata, with the most abundant groundwater content in central and western Jinan. The water output of a single well is almost greater than 10,000 m3/day, and the groundwater is pressure-bearing. The most apparent characteristic of the spring areas is that the groundwater flows dynamically, which makes the water inrush disaster more serious and aggravates the difficulty of prevention and control of the water inrush disaster. The water supply is tremendous, which severely threatens the shield machine.
[image: Figure 3]FIGURE 3 | Hydrogeological map of the limestone section on the right line.
2.2.3 Surrounding Water Supply Environment
The surface water body that the tunnels cross is mainly the Lashan River (Figure 1). The total length of the Lashan River is about 14.6 km. In addition, about 8 km of the Lashan River flows in the middle of the city. The river is about 50 m wide and 3–6 m deep. The R1 Line crosses the Lashan River near the Chainage K31 + 600 m. In addition, the tunnels pass through another river near the Chainage K30 + 300 m, with a width of about 15 m and a depth of about 2–4 m. Once the cracks, karst caves, and the river above intersect after excavation, the water in the river will be continuously poured into the tunnel, resulting in severe water inrush disasters.
Special attention should be paid to tunnels advancing through overlying rivers and reservoirs, especially in karst and fissure-rich areas. For example, on July 15, 2021, the Shijingshan tunnel of the Zhuhai Xingye Express Line locates at a position of 1.16 km, and the tunneling section was beneath the reservoir. Unfortunately, the surrounding rock was connected to the above reservoir after excavation, resulting in a severe water inrush accident, resulting in the deaths of 14 workers (China.com, 2021).
2.3 Description of the Used Shield Machine
To effectively deal with the limestone-bearing mixed ground, the shield machines of the R1 Line dual tunnels adopt the EPB-type mixshield machine (Figure 4) developed by China Railway Engineering Equipment Group. The cutterhead adopts a composite design of four spokes and four panels. It is equipped with a composite cutterhead with an excavation diameter of 6,680 mm and an opening ratio of 40%. A total of 41 disc cutters and 40 scrapers are installed on the cutterhead. The disc cutters are interchangeable and can rotate in both directions. The length of the head of the shield machine is 8,389 mm, and the length of the whole machine is 85 m. The used two shield machines were designed according to the typical mixed ground, rather than considering the water inrush disaster prevention specially.
[image: Figure 4]FIGURE 4 | The used EPB shield machine.
The parameters of the screw conveyor used for slag and chips discharge are as follows (Table 1).
TABLE 1 | Screw conveyor parameters.
[image: Table 1]2.4 Water Inrush Disasters and the Challenges to Shield Tunneling
During shield tunneling in the medium-weathered limestone ground, the karst water supply is large, water inflows seriously at the segmental linings and the tunnel face, and the screw conveyor inrush is severe (Figure 5).
[image: Figure 5]FIGURE 5 | Water inrush at the tunnel face. (A) Karst cave. (B) Water inrush disaster.
Many water inrush disasters have occurred during shield tunneling. Typical karst and fissure water inrush disasters include the following.
The shield machine of the left line from the air shaft to Dayangzhuang Station entered into the second section of the medium-weathered limestone stratum on June 16, 2017, since it started tunneling on March 13, 2017. There was an interlayer of silty clay and pebbles on the tunnel roof, and the tunnel is 15‰ downhill. The water increased significantly when the shield machine advanced to the 395th ring in the soil-rock mixed ground (the upper soft soil and bottom hard rock). In the subsequent 10 rings, the water flow increased and entered into the full-face limestone. Fractured limestone masses and fissure water were abundant in the ground. On the morning of June 19, when the shield machine advanced to the 407th ring, the screw conveyor began to gush, and the water flow was tremendous (Figure 6A). There was almost no mud in the slag, all of which were rock chips formed by the medium-weathered limestone blocks and rock powder generated by the cutterhead grinding the limestone (Figure 6B).
[image: Figure 6]FIGURE 6 | Risks to shield tunneling caused by severe water inrush. (A) Water inrush at the slag outlet of screw conveyor. (B) Slag after water inrush. (C) A large amount of water accumulated in the tunnel. (D) “Mud cake” produced on the cutterhead.
On July 23, 2017, when the shield machine on the right line advanced to the 388th ring, it began to gush due to the influence of the groundwater table. The position was roughly the same as the position where the inrush started on the left line, which was close to the starting position of the second limestone section. By analyzing the on-site tunneling situation of the shield machine on the left and right tunnels, the location where water inrush began, the fissure water replenishment capacity in limestone was strong. When the tunneling stops for more than 10 min, the groundwater table in front of the shield machine can be replenished to about 3 m above the roof (the water pressure reaches about 0.3 bar). Subsequently, when the shield machine on the left line was tunneling to the 580th ring, the groundwater level on the roof reached about 5 m (the water pressure was about 0.5 bar). Filed observations showed the water supply in the earth cabin has reached 400–600 m3/h. At the same time, with the burial depth of the tunnel continuing to increase, the water inflow continues to grow, and severe water inrush disasters occurred.
The challenges and risks to shield tunneling caused by severe water inrush are summarized as follows (Figure 6).
2.4.1 Abundant Groundwater Affects Shield Tunneling Efficiency and Quality
In the shield excavation section, the karst water replenishment capacity can reach 400–600 m³/h, or even water inrush disaster occurs, which affects the workability of muck improvement. Big rock blocks in the excavation cabin cannot be discharged fluently, resulting in massive slag accumulation in the cabin. The groundwater pressure is immense. When the shield tail reaches the karst or the highly fractured area, a large amount of karst water will scour the synchronous grout, causing the grouting slurry to be washed away to the low-pressure area such as the soil cabin, and the grouting slurry at the shield tail is prone to be leaked, which finally affects the construction quality and even results in the segmental lining floating up. The water is accumulated in front, back, and other directions of the shield, which seriously affects the slag discharge capacity of the screw conveyor.
The water inrush disaster caused the belt conveyor to leak muck and slag, which gathered to the shield tail. More slags accumulated in the segmental linings assembly area at the shield tail, resulting in the segment linings that could not be installed normally. Before segment assembling, it takes a long time to manually clean slags at the shield tail, which affects the assembling efficiency and quality. The assembling time per ring increases by about 4 h.
Compared with the first limestone tunneling section, because of the high strength of limestone, the advance rate is low, but the water content of the slag is small. Tunneling is not affected by the slag discharging, the tunneling can be smooth and continuous, and the daily advance rate can still reach 4–5 rings/day. However, after the water inrush hazards occur, the tunneling time per ring is longer, and the number of tunneling rings per day is less than three rings.
2.4.2 Leading to “Mud Cake” Wrapping the Cutterhead
Because of the high strength of limestone, heavy groundwater inflow, and the low advance rate, the water inrush leads to poor slag discharge. The slag accumulated in the excavation cabin is ground into rock powder. In addition, the cutterhead operates for a long time, the temperature becomes higher, and the rock powder further formed “mud cake,” which reduces the opening rate of the cutterhead. A large amount of mud cake is cemented and accumulated at the slag discharge inlet of the screw, which affects the slag discharge, further affects the advance rate, shortens the service life of the cutters, and finally forms a vicious circle.
2.4.3 The Slag Amount Increases, Making It Difficult to Transport Out
With the increasing water inflow, the slag output per ring increases, which is about 1.5 times that under normal conditions, increasing the horizontal and vertical transportation time and affecting excavation efficiency. The discharge of a large amount of mud and water reduces the horizontal transportation efficiency in the tunnel and restricts the discharge work of muck. The muck is transported outside after being separated from the water, which is time-consuming and labor-intensive.
2.4.4 Strong Karst Development and High Construction Risk
Part of the limestone excavation section has strong karst development, with more than 100 karst caves and many fractured rocks and dissolved bodies. When the shield machine advanced to this section, the shield machine is easy to occur in posture deviation and head drop, which seriously affected the shield tunneling efficiency and safety. Moreover, during tunneling through the caves, the disturbance generated by shield tunneling may easily cause ground subsidence and pose a risk of ground collapse. In addition, during shield excavation, the groundwater flow rate increases, scouring the dissolved bodies and forming new cavities, and bringing hidden dangers to the safety and quality of shield tunneling and metro operations.
2.4.5 The Difficulty of Shield Tunneling Under Multiple Complex Conditions Increases
Under complex construction conditions, efficient and safe shield tunneling is seriously affected. The high-strength and water-rich karst formation aggravates the cutter wear. In addition, the frequency of opening the excavation cabin for cutter inspection and cutter replacement is relatively high. Although the tunnel face is relatively stable, because of a large amount of water, the strong and continuous drainage capacity for the underground water in the excavation cabin is needed in the opening cabin process for cutter inspection and replacement. Under such complex working conditions, there are huge operating risks and difficulties in the cutter inspection and replacement when opening the cabin under normal pressure and under earth pressure, resulting in a considerable risk of the whole shield machine being submerged.
3 DETAILED GEOLOGICAL EXPLORATION TECHNOLOGY OF KARST AND FISSURES
3.1 Ahead Geophysical Prospecting
Because of the shallow burial depth of the metro tunnel, ahead geophysical prospecting for karst and fissure water from the ground surface can be performed to provide a basis for subsequent water inrush disaster treatment. Therefore, it is proposed to use the high-density resistivity method, geological radar, and some other geophysical methods to detect the distribution of groundwater, karst caves, and fissures. Detailed detection was carried out using the inter-borehole resistivity CT scanning method and high-precision scanning imagery in critical and complex abnormal areas to detect the spatial distribution of major karsts and water inflow paths. The WGMD-9 super high-density electrical measurement system produced by Chongqing Benteng Digital Control Technical Institute (CQBTSK) was used in this detection (Figure 7A).
[image: Figure 7]FIGURE 7 | Schematic diagram of the high-density resistivity prospecting method. (A) High-density resistivity prospecting system. (B) Prospecting principle.
The karst caves in the limestone destroy the integrity and continuity of the rock mass. Therefore, the resistivity at this place will be higher than that of the intact rock. When the difference is noticeable, relatively high resistivity is produced (Figure 7B). Otherwise, the apparent resistivity contour fluctuates. In addition, after the karst cave is filled with water or mud, its resistivity is reflected by relatively low resistance. When the filled or unfilled caves appear, the resistivity value will fluctuate in the apparent resistivity contours. The field borehole drilling data show that the karst caves are mainly filled with mud and gravel, so the karst section is prospected using a low-resistance model. In the cross-section of the resistivity contour, the karst-rich area will be displayed as a low-resistance co-curved form or a low-resistance closed circle form.
The section from K30 + 400 m to K31 + 500 m of Jinan Metro Line R1 was advance geophysical prospected by high-density resistivity detecting method. The position and distribution of the karst and fractures 50 m beneath the ground surface were obtained. The detected caves with a larger volume are illustrated in Figure 8.
[image: Figure 8]FIGURE 8 | Ahead detection results of the karst caves.
3.2 Geological Drilling During Tunneling
Because of severe water inflow, the water supply paths need to be found. Borehole drilling was carried out to detect the karst cave position and water content for every 5 m along the tunnel central with an average depth of about 23 m (Figure 9). Of course, the borehole detecting depth increased with the increasing burial depth when the shield machine advanced to the second limestone tunneling section. The rock core strength and RQD were tested.
[image: Figure 9]FIGURE 9 | Borehole drilling for karst and fractures detection. (A) Borehole drilling on the ground surface. (B) RQD testing.
Borehole drilling is aimed at carrying out further exploration for the geophysical and initial geological survey where it showed that there are anomalies, to see whether there are karst caves and to determine the size and orientation of caves. If no caves are found, then the surrounding rock integrity can be measured too. As a result, the karst caves distribution and groundwater flow paths can be detected in detail to guide the next step of grouting reinforcement treatment.
Borehole exploration is carried out for the karst cave and soil cavern (Figure 10). In the first stage, taking the boreholes that reveal the karst and soil caves as the reference points, a row of detection boreholes that are also used as grouting holes will be drilled with an interval of 5.0 m along the tunneling direction to detect the cave boundary. In the second stage, a row of grouting boreholes is drilled perpendicular to the tunnel. In the third stage, the borehole from the center to the surrounding directions is explored to find the boundary of the cave.
[image: Figure 10]FIGURE 10 | Layout of the refined boreholes.
3.3 Detection Results
After geophysical prospecting and borehole drilling detection, the karst caves and broken rocks’ distribution orientation, size, fissure development degree, and water inflow channel were detected in the limestone section (Figures 2, 8).
The total detected number of karst caves is 129, of which 79 karst caves sizes are smaller than 1 m, 50 are ≥1 m, 29 are ≥2 m, 23 are ≥3 m, and 12 are ≥5 m.
The exposed total number of holes is 12. There are three caves at 0–5 m above the tunnel roof; three are exposed in the tunnel zone; three are distributed at 0–5 m below the tunnel floor; and three are located at more than 5 m below the floor. Among them, the size of one exposed cave is ≥1 m, and size of the remaining exposed cavities is less than 1 m.
There are 29 karst caves distributed above the tunnel. Among them, 26 karst caves are exposed within 0–5 m above the tunnel roof; three karst caves are exposed beyond 5 m above the roof. Above the tunnel roof, there are 21 caves with the size that is less than 1 m, eight caves with ≥ 1 m, three caves with ≥2 m, and two caves with ≥3 m.
There are 65 karst caves exposed within the tunnel vicinity. It is revealed that there are 34 caves with the size that is less than 1 m, 31 caves with ≥1 m, 19 caves with ≥2 m, and 15 caves with ≥3 m.
There are 35 caves exposed below the tunnel. Among them, 25 karst caves are exposed within the range of 0–5 m below the tunnel floor and 10 karst caves are exposed at 5 m below the tunnel floor. There are 24 caves with less than 1 m exposed under the tunnel floor, 11 caves with ≥1 m, 7 caves with ≥2 m, and 6 caves with ≥3 m.
The revealed karst caves are classified as shallow cover types located below the current groundwater level and are affected by groundwater erosion and migration. The karst stability is generally medium, but the local stability is poor.
4 MULTI-STEP COMBINED GROUTING CONTROL TECHNOLOGY FOR GROUNDWATER INRUSH
4.1 Pre-grouting From the Ground Surface
4.1.1 Pretreatment Range
According to the above geological exploration results, positional relationships between the caves and the tunnel are determined. The ground pretreatment method should be conducted for the caves with beneficial ground surface treatment conditions. The pretreatment range of the karst caves is as follows (Figure 11):
1) All the caves in the upper part of the tunnel need to be treated, but the caves filled with hard plastic clay (N > 18) do not need to be treated, where N is a plasticity index.
2) The caves within the tunnel zone that filled with soft plastic clay (N < 10), gravel soil, or unfilled caves need to be treated, but the caves filled with plastic clay (N > 10) do not need to be treated.
3) The karst caves within one tunnel diameter beneath the tunnel floor need to be treated, but the karst caves filled with hard plastic clay (N > 18) do not need to be treated.
4) In 5 m outside the tunnel boundaries, the karst caves that filled with soft plastic clay (N < 10), gravel soil, or unfilled caves need to be treated, but the caves filled with plastic clay (N > 10) do not need to be treated.
[image: Figure 11]FIGURE 11 | Karst cave treatment scope.
4.1.2 Pretreatment Technology
For karst caves and fissures located below the groundwater table, the cement-sodium-silicate two-shot slurry can be used for grouting reinforcement at 3 m inside the bottom and side boundaries of the treatment range to form a grouting wall and reduce the slurry loss. Cement slurry is used for grouting in the rest caves and fractured limestone. The used cement-sodium-silicate two-shot grouting material parameters are as follows: the volume ratio of the cement to sodium-silicate is C: S = 1(0.5–1); the concentration of sodium-silicate is 35Bé; the modulus m = 2.4–2.8; the water-cement ratio of cement slurry is 1:1 or 1:1.2; the grouting pressure is controlled at 0.3–0.6 MPa. Karst caves are divided into filled, semi-filled, and unfilled caves. The filled caves are mainly filled with cohesive soil and gravel, and the filling is relatively dense. For karst caves of different filling types and sizes, the specific treatment techniques are formulated as follows (Figure 12):
1) For fully-filled karst caves that need to be treated: Pressurized grouting is used for filling and reinforcement. The grouting material adopts cement slurry with the water-cement ratio of 1:1 or 1:1.2.
2) For unfilled karst caves and semi-filled karst caves: If the height of the karst cave is ≤ 1 m, then directly use 1:1 or 1:1.2 cement slurry for pressurized grouting; if 1 m < the cave diameter ≤4 m, then use sand blasting first, and then, grouting reinforcement method is adopted.
3) For extra-large unfilled caves with diameters> 4 m: Crushed stones (5–10 ram) are thrown into the caves first and then conduct grouting reinforcement. Usually, two boreholes are drilled (approximately 0.6 m) near the initial borehole during the process of filling stones. The centers of the two boreholes must be on the same line as the center of the initial borehole. The two sling holes can be used as vent holes for each other.
[image: Figure 12]FIGURE 12 | Karst cave treatment measurements.
4.2 Underground Inert Slurry Grouting
Grouting boreholes are drilled in the surrounding rock that shields tunneling through the limestone. Taking 22.5° above the upper right of the segmental capping block as an example, it roughly reflects the cross-sectional distribution of the added grouting holes. According to the construction schedule of the segmental linings, determine the segment that needs to add grouting holes and the number and positions of the grouting holes. Conduct underground grouting using inert slurry with harmless properties, a short initial setting time, and a small and controllable diffusion scope. Multi-step grouting is performed with a small amount of slurry each time.
4.3 Secondary Circumferential Hoop Grouting at the Shield Tail
After shield tunneling, the secondary grouting (cement-sodium-silicate two-shot grouting slurry) is used to seal the water circumferential around the segmental lining in time to isolate the water from the rear positions. On the premise of not damaging the shield tail brush, the secondary circumferential hoop grouting position should be as close to the shield tail as possible, and the specific location should be about five segmental rings away from the shield tail (Figure 13). The proportion of the grouting slurry for the secondary circumferential hoop grouting should consider the fact that the water inflow at the back of the segmental lining is intense. Thus, the setting time of the grouting should be limited to about 10 s. The grouting pressure should be larger than the current water pressure by 2–3 bar so that the grout has a certain spreading ability, and it will not have a great disturbance on the surrounding soil and grouting body. In Jinan Metro Line R1, the secondary grouting uses a cement-sodium-silicate two-shot grouting slurry. The slurry ratio is as follows: cement slurry (component A) uses 42.5 ordinary Portland cement with a water-cement ratio of 1:1; sodium-silicate (component B) uses 1:1.5 with 35 Baume degree solution and water.
[image: Figure 13]FIGURE 13 | Secondary circumferential hoop grouting at the shield tail to prevent water inrush.
5 OPTIMAL CONTROL TECHNOLOGY FOR SHIELD TUNNELING
To realize safe and efficient shield tunneling in highly fractured karst and water-rich conditions, in addition to grouting and reinforcement of karst caves and surrounding rocks, it is also necessary to carry out optimization control for excavation.
5.1 Optimal Control Method of Tunneling Parameters
To ensure the continued stability of the earth pressure and reasonably control the advance rate simultaneously, the tunneling speed should not be too slow. The advance rate in the limestone section is usually maintained at 15–20 mm/min. The comparison before and after the tunneling parameters adjustment is shown in Table 2:
TABLE 2 | Optimal tunneling parameters in the karst and fissure water-bearing limestone section.
[image: Table 2]5.2 Shield Machine’ Air-Pressurized Tunneling Technology
Combining the tunneling methods in similar strata at Guangzhou and Shenzhen (China), the methods of adjusting the tunneling parameters, using the pressure holding system of the shield machine to inject ameliorant such as bentonite into the excavation cabin, and maintaining the excavation cabin to a low soil pressure state were applied. Therefore, it employs the Samson pressure holding system of the shield machine to inject industrial gas into the earth cabin and keeps the roof pressure larger than the water pressure at rest by 0.2–0.3 bar. In such a way, a dynamic air pressure balance is achieved. In addition, the air pressure to press bentonite into the cracks on the excavation contour to seal the fissure water is used (Figure 14).
[image: Figure 14]FIGURE 14 | Schematic diagram of the air-pressure tunneling mode of the shield machine.
A large amount of muck restrains the slag outlet of the screw conveyor at the bottom. At the same time, high-density bentonite is injected into the screw conveyor to form a soil plugging effect, and pressurized air is used to replace the water in the cabin to alleviate the groundwater flow into the earth cabin. In the subsequent excavation process, the bentonite will be continuously substituted, but the rock powder continuously produced with the excavation will gradually replace the function of the bentonite, realizing continuous air-pressure tunneling mode.
5.3 Shield Muck Improvement Technology
Because the slag is mainly limestone chips with large porosity and high water permeability, a high-concentration bentonite solution additive (the specific gravity ratio of bentonite to water is 1:2) is injected into the cabin to replace the water storage to improve the fluidity of the muck. In addition, high molecular polymer solution (concentration 3‰) is added to increase the slag viscosity to ensure its plasticity, further reduce the spouting degree, and facilitate slag transportation.
A new type of soil modifier (i.e., mud cake dispersant) is joined to prevent “mud cakes” formation in the cutterhead and cabin. Serious “mud cakes” should be regularly cleaned, reducing the needed thrust and torque and prolonging the service life of the cutters.
6 DISCUSSION
6.1 Karst and Fissure Water Inrush Control Effect
6.1.1 Water Inrush Control Effect
After the karst cave and fissure water treatment complement, the core-drilling inspection was carried out in the treatment area to check the filling effect and compression strength, test whether the grouting body is continuous, and then conduct compression tests. The results show that the unconfined compressive strength is larger than 0.2 MPa. Engineering practice proves that the water flow and inrush on the tunnel face has been significantly alleviated when the shield machine reaches the grouted region. According to statistics, the water inflow on the tunnel face was about 4 m3/h before treatment, whereas the water inflow declined to only 0.3 m3/h after control, and the water inflow on the segmental lining was almost zero. From the perspective of the advance rate of the shield machine, the shield machine often needs to be drained and shut down for 2–3 days due to severe water inrush disasters in the past. Previously, the advance rate was severely restricted, about only 3 m/day without stopping. Whereas, the average advance rate reached 6 m/day after control. It can be seen that the treatment for karst caves and fissure water reduces the hazards of shield machine jamming and head-drops, improves construction efficiency and safety, and provides an economical and reliable method for the subsequent metro tunnels shield tunneling.
6.1.2 Shield Tunneling Performance
The shield machine started to enter the first limestone section when tunneling to the 35th ring on March 26, 2017. The shield machines on the left and right lines in the entire limestone section did not change the cutter, and the cutter wear was within the limited scope (i.e., 15 mm). After the two shield machines finished the first section excavation in the karst area, data statistics and analyses were carried out on the construction situation, and the summary is as follows (Table 3).
TABLE 3 | Comparison of the shield tunneling performance on the left and right lines in the first section (air shaft-to-Dayangzhuang Station) at the karst area.
[image: Table 3]The control effect of karst and fissure water and shield tunneling efficiency show that the proposed multi-step combined control technology for karst and fissure water inrush disaster in this paper has achieved a good effect in shield tunneling.
6.2 Comparison With Previous Studies
At present, the detection and comprehensive disposal technologies for shield tunneling in karst and water-rich fissure zones are lacking. In addition, the treatment measures are usually blind. This study adopts advance prospecting using ahead geophysical prospecting and borehole drilling detection + multi-step grouting to prevent the groundwater + shield machine’s Samson air-pressurized tunneling model and other optimal tunneling technology. The pretreatment from the ground surface was also adopted in other projects (Table 4), and the measurements performed in this study are more refined. In addition, the technology of using shield protection slurry in the pressurized chamber opening for cutter inspection and change is also put forward.
TABLE 4 | Cases of pretreatment from the ground surface.
[image: Table 4]6.3 Prospect of the Control Measures
6.3.1 Lowering the Groundwater Using Dewatering Wells
Dewatering wells between the left and right tunnels in front of the shield machine to drain water and decline the groundwater level were built. Four dewatering wells are planned to be set up between the left and right tunnels. Their depth is 2 m below the tunnel bottom, the spacing is 6 m, and the diameter is 500 mm.
The location of the dewatering well is selected with reference to the horizontal position relationship between the limestone section tunnel and the pipelines, and the location of the dewatering well is adjusted according to the in situ situation to avoid the underground pipeline.
6.3.2 Cutter Inspection and Replacement Technology Using Shield Protection Slurry in the Pressurized Chamber Under Dynamic Water Flow Environment of the Spring Area
During shield tunneling through the karst and fissures-rich limestone strata, the water inflow is large (maximum to 600 m3/h), and it is a dynamic water environment. It is difficult for the traditional mud slurry protection method to maintain the earth pressure in the chamber. For example, when the shield tunneling machine on the left line of the air shaft-Dayangzhuang station section advanced to the 738th ring, it was about to leave the limestone, but the karst was developed strongly, and the water flows extremely severe. Three attempts were made to open the chamber under normal pressure for cutter inspection and replacement. However, they were unsuccessful due to the increasing water inflow at the tunnel surface.
To ensure the cutter inspection and replacement safety in the excavation chamber, shield protection slurry is used to protect the tunnel wall (Figure 15), and air-slurry replacement is used to maintain pressure balance for entering the cabin. The shield protection slurry has good workability, adhesion, etc. It is not easy to be diluted and carried away in the flowing water, has stable masque formation and good adhesion, and is a green and environmentally friendly material. In the case of a complex geological environment during shield construction, full-face sand, water-rich faulted and fracture zone, gravel pebble stratum, fractured rock formation, upper soft and lower hard rock stratum, the stable sealing and holding effect can meet the requirements of maintaining pressure when opening the chamber.
[image: Figure 15]FIGURE 15 | Shield protection slurry technology.
7 CONCLUSION
Water inrush disaster is easy to occur when shield tunneling through the highly fractured karst water-rich ground, especially in the dynamic water flow environment of the spring areas. To preserve the springs and ensure the shield tunneling safety and quality, a multi-step combined control method is presented to control the severe karst and fissure water inrush disaster. The proposed control technology was successfully applied in Jinan Metro Line R1. Specific conclusions are as follows:
1) Detailed geological exploration method combining the ahead geophysical prospecting and geological drilling is put forward to detect the karst and fissure water distribution. Ahead geophysical methods include geological radar, CT scanning, and high-density resistivity method. Accordingly, the groundwater flow paths were detected, which provided a basis for the subsequent karst and fissure water inrush control. The geophysical prospecting and geological drilling revealed 129 karst caves, among which 29, 65, and 35 karst caves distribute above, within, and below the tunnel, respectively. The size of the caves ranges from less than 1 m and more than 5 m. In addition, the karst and fissure underground water inflow reached 400–600 m³/h.
2) A multi-step combined grouting control technology is proposed to strengthen the surrounding rock and obstruct the water flow paths, including pretreatment from the ground surface, underground inert slurry grouting (using harmless and short initial setting time slurry with small and controllable diffusion range), and secondary circumferential hoop grouting at the shield tail.
3) In addition, optimal control technology for shield tunneling is put forward, including the optimization decision for tunneling parameters, the air pressure tunneling control model of the shield machine, and shield much improvement technology.
4) For the special dynamic water flowing environment in the spring area, cutter inspection and replacement technology using shield protection slurry in the pressurized chamber is developed. The popularization and application of this technology have been carried out successfully to ensure efficient and safe cutters replacement.
5) The inspection results show that the karst caves are densely filled after multi-step combined treatment, and the unconfined compressive strength of the filling body reaches larger than 0.2 MPa. The water inflow declined from the initial 4 m3/h before treatment to only 0.3 m3/h after control, and the water inflow on the segmental lining reduced to almost zero. The advance rate of the shield machine increased from previously only 3 m/day to almost 6 m/day after control.
The control effect of karst and fissure water and shield tunneling efficiency show that the proposed multi-step combined control technology for karst and fissure water inrush disaster in this paper has achieved a good effect in shield tunneling. The presented karst and fissure water inrush disaster control method is of great significance for tunneling in similar poor geological conditions.
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Based on the granular-solid-hydrodynamic theory, the constitutive model considering the thermo-hydro-mechanical (THM) coupled action is established, and the dilatancy property of sandy soil under coupled high mechanical pressure and temperature is simulated. The relationship between the energy dissipation and the macroscopic stress-strain changes at the grain level of saturated sandy soil is connected by defining the transfer coefficient and the energy function, without considering the concepts of yield surface and hardening parameters in classical plastic mechanics. Additionally, the changes in temperature, relative density and confining pressure during the shearing process cause particle rolling, slipping and friction. The energy dissipation in this process is described by defining the concept of particle entropy and particle temperature. In the calculation, the isotropic compression test, drained and undrained shear test of sandy soil under high stress are simulated respectively. The validity of the model is proved by comparing with the test results. Meanwhile, the stress-strain relationship and pore pressure variation law of sandy soil under different temperatures are predicted. The results show that the effect of temperature on shear strength is limited, and the pore pressure will gradually increase and become stable with the increase of temperature. Thus, this work establishes the soil THM coupled model from the perspective of micro energy dissipation, which can provide new theoretical support for the prediction of natural disasters such as landslides and debris flow.
Keywords: GSH theory, thermo-hydro-mechanical response, sandy soil, state variable, stress-strain changes
INTRODUCTION
In mountainous areas, under the action of high ground stress, water flow and temperature, sandy soil will be disturbed by the construction of gravity dams, deep-buried tunnels and other large-scale projects, which will generate pore water pressure in the sandy soil, and cause particles to roll or even break (Bai et al., 2014; Wang et al., 2021). This process intensifies the occurrence of natural disasters such as debris flow and landslide, and seriously affects the environmental change and sustainable development in mountainous areas (Bai et al., 2018; Zhou et al., 2021). Through the triaxial drained and undrained shear tests of sandy soil under high confining pressure and temperature, researchers found that the higher the confining pressure, the more obvious the strain softening trend of sandy soil samples. Meanwhile, with the increase of the confining pressure, the axial strain at failure reaches the peak value, then decreases, and the volumetric strain gradually changes from dilatancy to shear shrinkage (Billam, 1971; Bai et al., 2021a). Attempts have been made to consider the factors that influence the mechanical properties of sandy soil including initial density, temperature and stress level. Researchers (Bai and Li, 2013; Bai et al., 2020a; Taherdangkoo et al., 2020a) introduced that the sand particles were broken obviously under high stress, and the isotropic compression curves of different initial density samples finally coincided with each other. At the same time, when the confining pressure is large enough, the initial relative density has little effect on the stress-strain relationship and pore pressure, and the sandy soil sample shows the nature of normally consolidated clay. Hagerty et al. (1993) divided the compression characteristics of sandy soil into three stages through one-dimensional compression test: under low pressure, the volume of sample decreases due to the rearrangement of particles; under high pressure, the crushing and rearrangement of sand particles produce stronger compression performance; under higher pressure, the contact between particles increases greatly, and the material properties are controlled by particle crushing. The results of the above experiments provide guidance for the establishment of constitutive relationship of sandy soil under high stress.
In the earlier studies considering the impact of particle breakage on the mechanical properties of sandy soil, a variety of mathematical models were established by the modification and expansion of the existing soil model. Scholars (Taherdangkoo et al., 2020b; Meng et al., 2020; Bai et al., 2021b) have improved the yield surface or hardening law in the Cambridge model and established the constitutive model of sandy soil by using the unrelated flow law, which can well predict the characteristics of sandy soil. Meanwhile, the theory of sub plasticity based on thermodynamics has been increasingly applied in the establishment of sand’s constitutive model. The theory uses tensor function as a tool, abandons the concepts of strain decomposition into elastic strain and plastic strain, yield surface and loading and unloading in traditional elastic-plastic theory, and directly establishes the relationship between stress rate and strain rate (Wu and Kolymbas, 1990; Bai, 2006a; Cui et al., 2021). In order to describe the material state change of sandy soil during loading, some scholars introduced state parameters into the constitutive relation of sandy soil. Been and Jefferies (1985) successfully carried out a series of triaxial test against Kogyuk sand and proposed the concept of state parameters, which have been used by many researchers to study the dilatancy of sandy soil. For better reflection of the deformation behavior of saturated sandy soil in general stress space, Manzati and Dafalias (1997) established a constitutive model, which was based on the basic framework of critical state soil mechanics, and combined the theory of bilateral plastic model with state parameters. Rowe (1962) verified that the dilatancy of granular soil was controlled by the distribution of contact stress between particles through experiments on different materials, and deduced the stress dilatancy relationship under plane strain condition on the assumption that the minimum energy ratio is reached when the soil is damaged. Bolton (1986) proposed to use dilatancy index to reflect the current state of sandy soil, which can estimate the dilatancy of sandy soil samples. However, the constitutive equations used in these models cannot effectively describe the coupled characteristic of soil under multi field action, and are only suitable for soil samples under a certain condition.
Different from the above methods, some scholars used the granular-solid-hydrodynamic (GSH) theory, which has been applied in solid materials such as polymers and crystals, to establish the constitutive model of soil. The GSH theory is based on the method of fluid dynamics, and constructs the constitutive relationship of materials on the basis of non-equilibrium theory and physical conservation law. Using the definitions of particle entropy and particle temperature, Jiang and Liu (2009) established the theoretical constitutive model of single granular material, which can comprehensively consider the macro and micro behaviour of granular material. On this basis, some researchers (Zhang and Cheng, 2017; Bai et al., 2019a) extended the GSH theory to saturated soil and unsaturated soil, respectively, to simulate the mechanical characteristics of related soil, which confirmed the effectiveness of the model. Bai et al. (2019b) further extended the theory and focused on the factors that influence the characteristics of unsaturated soil including over consolidation ratio, temperature and stress path. The traditional plastic theory is to choose the yield function, plastic potential surface and hardening function independently, which is not rigorous enough in theory, and GSH theory can effectively avoid this point (Bai et al., 2019b). In addition, the constitutive equation of soil based on the GSH theory can automatically meet the first and second laws of thermodynamics. However, taking into account the complexity of the interaction between the various phases in the soil, the application of the theory in various types of soil needs to be further promoted.
In the present study, based on the GSH theory and the dilatancy equation considering the state variables, a THM coupled model is established, and the shear test of saturated sandy soil under the coupled action of temperature and stress is simulated. The new THM coupled model considers the energy dissipation of sandy soil material from the micro mechanism by using the linear non-equilibrium theory and the critical state theory, and further defines the entropy and temperature of the particle to link the energy dissipation at particle level with the change of system energy. The effectiveness of the proposed model is verified by the simulation of sandy soil samples under different initial void ratios and confining pressures. The simulation tests include isotropic compression test, drained and undrained shear test. At the same time, based on undrained test, the stress-strain relationship and pore pressure change of sandy soil under different temperatures are predicted, which provides a reference for the development of follow-up experiments.
METHODS
Granular-Solid-Hydrodynamic Theory in Sandy Soil
It is assumed that both the solid and liquid phases of geomaterials are incompressible and have the same temperature at the same location. In the closed system, the change of internal energy of granular materials caused by unit time and unit volume can be divided into two categories: recoverable energy and irrecoverable energy. For granular materials, the irrecoverable energy dissipation is mainly due to the sliding, collision, rolling and friction between granular materials, while the recoverable energy is mainly due to the mutual extrusion between particles, which transforms the external input energy into elastic potential energy for storage. Thus, the composition of energy density of granular materials in the closed system can be obtained, as shown in Eq. 1:
[image: image]
where [image: image] is the elastic potential energy stored by the granular material under the action of external force; [image: image]is the irrecoverable energy produced in the mesoscopic scale; [image: image]is the kinetic energy of the granular material itselfp; w is the energy density in isolated system; [image: image]is the heat energy of the material itself in the closed system.
In addition, when characterizing the independent state variables of granular materials, there are inelastic collisions between particles in the mesoscopic scale of granular materials. This further results in the dissipation of system energy, which shows as the change of system entropy. Jiang and Liu (2009) linked the entropy generation caused by the dissipation of granular materials at mesoscopic level with the change of macroscopic entropy, and determined the thermodynamic independent state variable [image: image] and their conjugate quantities of granular materials[image: image]. By constructing thermodynamic identities, the energy density expression is obtained:
[image: image]
In combination with Eq. 1, it is concluded that:
[image: image]
[image: image]
where [image: image] is the particle temperature; [image: image]is the elastic stress; [image: image] is the elastic strain; [image: image] is the material temperature; [image: image] is material entropy; [image: image] is the chemical potential; [image: image] is the material density; [image: image] is particle entropy; [image: image] is the velocity; [image: image] is momentum.
According to the second law of thermodynamics, the entropy transformation rate R caused by the irreversible process in the closed system is always greater than zero. The higher the entropy of the system, the closer the isolated system will be to the equilibrium state, and the entropy will reach the maximum. The linear non-equilibrium theory defines the factor that drives the closed system to deviate from the equilibrium state as dissipative force, and the energy dissipation caused by the unit dissipative force in unit time is called dissipative flow. At the same time, when the system is close to the equilibrium state, it can be considered that there is a linear relationship between the dissipative force and the dissipative flow. The dissipative force [image: image] and the corresponding dissipative flow [image: image] of granular materials in the closed system can be determined by using the conservation equations of mass, momentum and energy combined with the entropy increasing equation of the closed system. It shows that the elastic stress [image: image] and the plastic strain rate [image: image] are the corresponding dissipative force and flow. The dissipative force and dissipative flow at the particle level are [image: image] and [image: image], respectively, which can be used to represent the entropy generation rate of particles Rg at the mesoscopic level (Yang and Bai, 2019). The following results can be obtained:
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where [image: image] is the transfer coefficient corresponding to the elastic stress [image: image], [image: image] is the transfer coefficient at the particle level.
According to the basic function form of the elastic potential energy density function of cohesive soil materials given by Bai et al. (2019b) and the basic concept of the specific elastic energy proposed by Jiang and Liu (2007), for the saturated sandy soil without considering the influence of the cohesive force, the expression of the elastic potential energy stored in the sandy soil under the action of temperature is obtained as follows:
[image: image]
where B is the parameter describing the degree of hardness or softness of the material. [image: image] is the thermal expansion coefficient of soil, [image: image]is the elastic volume strain [image: image], [image: image]is the elastic shear strain [image: image], [image: image]is the friction angle coefficient, e is the void ratio, [image: image]reflects the material property of sandy soil, and[image: image]is the slope of e-logp curve in consolidation test of sandy soil sample. Combined with the isotropic compression consolidation curve, B is assumed to be the form[image: image].
By using the Expressions (3), (4) and (5) and referring to the expressions [image: image] in reference (Yang and Bai, 2019; Bai et al., 2021c), the elastic stress and plastic strain rate are obtained:
[image: image]
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where elastic stress [image: image]is equal to the effective stress between particles (Jiang et al., 2017), [image: image]is the elastic deviator strain [image: image], [image: image] and [image: image] are the corresponding transfer coefficients.
When the sandy soil is in the critical state, there exists liquefaction phenomenon. At this time, the elastic volume strain [image: image] is 0, the average effective stress [image: image] is 0, and [image: image]will be taken as 1.5. Combined with Eq. 8, the specific expressions of average effective stress and shear stress q are obtained as follows:
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In reference Jiang and Liu (2009), the energy carried by particle motion is expressed as [image: image] = [image: image]. According to the linear non-equilibrium theory, the entropy generation rate at the particle level is [image: image]. The motion equation of particle entropy at the mesoscopic level is obtained by combining Eqs 4–6
[image: image]
For the convenience of parameter calculation, Eq. 12 is simplified as follows:
[image: image]
where [image: image] is the deviator strain; [image: image] is the volume strain; [image: image] and [image: image] are the transport coefficients at the particle level, respectively; [image: image]is the dissipation at particle level caused by temperature. b is a material properties parameter, [image: image],[image: image],[image: image],[image: image],[image: image]. According to the hypothesis in references (Bai and Su, 2012; Zhang and Cheng, 2016), a is a material constant and is taken as 0.5 (Zhang and Cheng, 2016).
Dilatancy in Sandy Soil
When the sandy soil sample reaches the critical state, the volume strain increment is zero and the deviator strain increment increases continuously in the last stage of shear deformation. The critical state of sandy soil is not a straight line in the e-logp plane (Verdugo and Ishihara, 1996; Taherdangkoo et al., 2021). Li and Dafalias (Li and Dafalias, 2000) expressed the critical state of sandy soil as follows:
[image: image]
where [image: image] is the void ratio corresponding to the critical state line when p = 0; ec is the critical void ratio; [image: image] is the slope in[image: image]-[image: image]plane; Pa is the standard atmospheric pressure, usually 100kPa; θ is the critical state line parameter.
By comparing the test data of Toyoura sandy soil by Verdugo and Ishihara (1996) with the critical state curve proposed by Li and Dafalias (2000), it is found that Eq. 14 can better reflect the critical state condition of sandy soil.
The state parameter is usually expressed by relative density and confining pressure. Been and Jefferies (1985) regard the dilatancy of sandy soil as an independent state variable, and proposed the difference between critical void ratio [image: image] and current void ratio e to represent the state of sandy soil samples:
[image: image]
In this way, the current state (e, p) of sandy soil can be determined. When [image: image]>0, the sandy soil is in a loose state, and shear shrinkage occurs during shearing. On the other side ([image: image]<0), the sandy soil is in a relatively dense state, and shear dilatation occurs during shearing.
Referring to Li and Dafalias (2000), the dilatancy ratio is the ratio of plastic volumetric strain [image: image] to plastic shear strain [image: image], and the state parameter is introduced into the dilatancy equation to establish the dilatancy expression of sandy soil.
[image: image]
where[image: image]is the critical state stress ratio; [image: image] = [image: image] is the stress ratio in the current state; [image: image]is the state parameter, which is determined by combining Eq. 15; [image: image] and [image: image] are the fitting parameters.
The above is the constitutive model of sandy soil under high stress and temperature coupled based on GSH theory. The main governing equations are Eqs 9–11, Eqs 13–16. The model establishes the constitutive relationship from the point of microscopic energy dissipation and can well reflect the mechanical properties of sandy soil. The state variables required for the constitutive equation of GSH theoretical model are shown in Table 1.
TABLE 1 | State variables in GSH theoretical model.
[image: Table 1]Determination of Model Parameters
There are 15 parameters in the model, including thermodynamic parameter[image: image] and parameter [image: image] in the dilatancy equation with state variable. Most of the parameters can be obtained through the conventional soil mechanics test, and the available specific parameter calibration method is provided here.
1) B0 and[image: image]are calibrated by the curve of isotropic compression and rebound. B0 is the elastic stiffness parameter, and a set of elastic strain [image: image] under confining pressure[image: image] are obtained by using the rebound curve of soil. Because the shear strain is ignored in the rebound process, the value of B0 can be obtained by combining Eq. 10. [image: image]is the slope of e-logp curve in one-dimensional consolidation test of sandy soil sample.
2) ξ is the parameter related to the friction angle of sandy soil (Jiang and Liu, 2009). In the critical state, the volume and stress of sandy soil remain unchanged, while the shear strain develops continuously. In the simulation, it is shown as[image: image][image: image], [image: image]. Eq. 9 is simplified as:
[image: image]
where the parameter [image: image] is defined.
3) The dilatancy ratio d is the ratio of plastic volumetric strain rate [image: image] to plastic shear strain rate[image: image]. Eq. 18 is obtained by combining Eq. 17. Simultaneous Eqs 16–18 determine the value of c1.
[image: image]
4) The value of c2 can be obtained through Eq. 17 and Eq. 13, Eqs 10–11 as well as the critical state ratio.
5) The parameter c3 is determined by isotropic compression curve; c4 is determined by the thermal response caused by heating, and c4 = 0.003 kg m−3 kPa−1 by referring to Bai et al. (2017); Bai and Shi, 2017); c5 is determined by stress relaxation test, and the value in reference Bai et al. (2021c) is 800 kg m−3 s−1.
6) The method of parameter selection in the dilatancy equation is explained in detail in reference Li and Dafalias (2000).
MODEL VERIFICATION
Lade and Yamamuro (Yamamuro, 1996; Lade and Yamamuro, 1997; Lade et al., 2005; Poul et al., 2020) carried out a series of experimental studies on the mechanical properties of three different initial densities of Cambria sandy soil under different pressures using a standard triaxial apparatus. The particle size distribution of Cambria sandy soil ranges from 0.83 to 2 mm, the particle specific gravity Gs is 2.69, and the maximum and minimum void ratio are 0.792 and 0.503, respectively. The temperature of sample test is set at 25°C, and the experimental results are estimated by the sandy soil model. Through the parameter analysis of part 2.3, the values of relevant control symbols including thermodynamic model parameters and state parameters are listed in Table 2.
TABLE 2 | Thermodynamic parameters and state parameters in the model.
[image: Table 2]Isotropic Compression Test
According to Eqs 10, 11, the corresponding differential expression is obtained as follows:
[image: image]
[image: image]
In the isotropic compression experiment, the elastic shear strain [image: image] is 0, and the effect of temperature is not considered. According to Eq. 19, the stress expression is described as:
[image: image]
where [image: image]is the density of soil particles, obtained by [image: image]; [image: image] is the water density, [image: image] = 1,000 kg/m3.
Figure 1 illustrates the simulation of sandy soil isotropic compression test using the newly proposed model, where the initial relative densities are 30, 60, and 90%, respectively. The results show that when the confining pressure exceeded 12 MPa, the sandy soil samples with different initial void ratios have similar void ratios under the same confining pressure, indicating that the initial relative density has no significant effect on the deformation and strength of sandy soil when the stress level exceeds a certain value. This is due to the fact that under the action of larger confining pressure, the rolling and extrusion deformation of soil particles in the sandy soil sample gradually turns into the crushing of soil particles. Meanwhile, with the increase of stress level, the amount of broken sandy soil particles increases gradually, and the broken particles fill the gap, resulting in the compression phenomenon of clay like materials. Through comparison, the proposed model can well reflect the compression characteristics of sandy soil under high stress.
[image: Figure 1]FIGURE 1 | Isotropic compression test and simulation results of loose, medium dense and dense Cambria sandy soil.
Uudrained Shear Test
In the undrained shear test of sandy soil, [image: image],[image: image], it can be deduced that:
[image: image]
[image: image]
By introducing Eqs 19–20 into Eqs 22, 23, the pore pressure growth rate can be written as:
[image: image]
It can be found from Figure 2 that, at lower confining pressure (6.4 MPa), the deviator stress increases and tends to be stable with the increase of axial strain, and there exists no peak point, showing strain hardening characteristics. However, when the confining pressure is more than 34 MPa, under the condition of small strain, the deviator stress increases rapidly, then the growth rate slows down and the peak value appears. In the final stage, as the increase of axial strain, the deviator stress decreases and tends to be stable. It is worth noting that the higher the confining pressure, the higher the peak strength, and the greater the difference between the peak strength and the bias stress under the stable state. The confining pressure increased from 34 to 52 MPa, the difference between them was 3.67 and 6.65 MPa, and the relative increase rate was 37.7 and 48.6% respectively. This phenomenon can be explained as the breakage of particles in the sample. When the confining pressure is low, at the initial stage of shear deformation, the shear strength of sandy soil samples is mainly affected by sliding friction, dilatancy effect and particle rearrangement, and the particle breakage rate is low. The higher the confining pressure is, the higher the particle breakage rate is under the same axial strain condition. When the shear strength reaches the maximum value, the particle breakage inside the sample becomes the main factor affecting the shear strength, and its shear strength gradually decreases and tends to be stable, which is similar to the softening characteristics of clay soil.
[image: Figure 2]FIGURE 2 | Stress-strain relationship and model prediction results of triaxial undrained shear test on dense sandy soil.
Moreover, in conjunction with Figure 3, it can be seen that under the confining pressure of 6.4 MPa, the average effective stress decreases rapidly and then increases. This is mainly due to the fact that in the initial stage of shear deformation, the volume of the sandy soil sample has a faster trend of shrinking, resulting in a rapid increase in pore pressure. With the further development of shear deformation, pore pressure gradually decreases, and the sample shows the tendency of volume expansion and finally the sample is damaged. The simulation results are in good agreement with the experimental results, which verifies the validity of the proposed model.
[image: Figure 3]FIGURE 3 | Effective stress paths and model prediction results of undrained compression tests on dense Cambria sandy soil.
Figure 4 indicated that the stress-strain curves of sandy soil with different initial densities have similar changing trends. Under the condition of small axial strain (<3%), loose sandy soil and medium dense sandy soil reach the same peak strength. However, after the peak value, the shear strength of medium dense sandy soil is always higher than that of loose sandy soil under the same axial strain. This is mainly due to the influence of two aspects on the mechanical properties of sandy soil under larger confining pressure, namely, the rearrangement of particles and particle breakage. The former is affected by initial relative density, while the latter is affected by confining pressure.
[image: Figure 4]FIGURE 4 | Stress-strain relationship and model prediction results of sandy soil under different initial relative density.
Three temperature gradients (25°C, 40°C and 80°C) are set according to the method in the reference (Bai et al. (2020b); Bai, 2006b; Zarifi et al., 2021). The undrained shear tests of sandy soil samples at different temperatures were simulated. The stress-strain relationship and pore pressure relation with strain under different temperature conditions are presented in Figure 5 and Figure 6. Figure 5 illustrates that the stress variation law of sandy soil samples under different temperatures is consistent, showing that the higher temperature lead to an increase of the peak strength. It is indicating that within a certain strain range, the increase in temperature can affect the undrained shear strength of sandy soil samples, which is consistent with the conclusion in literature (Abuel-Naga et al., 2007; Wang et al., 2020). It is worth noting that when the strain exceeds a certain value (15%), with the further development of shear deformation, the deviatoric stress values under different temperatures are finally close to each other. At this time, the ambient temperature during shear test has no significant effect on the strength of sandy soil. The variation of pore pressure under different temperatures is presented in Figure 6. The pore pressure increased gradually with increasing shear deformation and finally reached a constant value until axial strain reached 10%, which is caused by the decrease trend of volume in the initial stage of shear. At the same time, the comparison of pore pressure changes at different temperatures indicate that the higher the temperature is, the higher the pore pressure is, which is mainly caused by the difference of thermal expansion coefficient between water and sandy soil particles.
[image: Figure 5]FIGURE 5 | Stress-strain relationship and model prediction results of dense sandy soil under different temperatures.
[image: Figure 6]FIGURE 6 | The change of pore pressure in undrained shear test of dense sandy soil under different temperatures.
Drained Shear Test
In the sandy soil drainage shear test, the relationship between shear stress and average effective stress are as follows:
[image: image]
By substituting Eqs 19, 20 into Eq. 25, the specific expression of volume strain rate without considering temperature effect is obtained as follows:
[image: image]
Specifying that the volume strain of the specimen is negative with volume shrinkage and positive with volume expansion. It can be seen in Figure 7 that when the confining pressure is 2.1 MPa, with the axial strain increases, the sandy soil sample experiences two trends: shear shrinkage first and then shear expansion, until the sample is destroyed. This is in line with the volume change trend of medium density sandy soil under the action of low confining pressure. Figure 8 demonstrates that, at the lower confining pressure (2.1 MPa), the relationship between axial strain and shear stress ratio can be divided into two stages: surge section and platform section. In the initial stage, when the axial strain is in 0–5%, the stress ratio increases obviously. With the increase of axial strain, an obvious platform section appears, and the stress increase trend is gradually gentle until the sandy soil sample is destroyed. In contrast, when the confining pressure gradually increases (5.8 and 11.5 MPa), the volumetric strain presents the deformation dominated by shear shrinkage. Meanwhile, with the increase of confining pressure, the initial slope of stress-strain curve decreases, the platform section gradually decreases, and the maximum principal stress ratio of the specimen decreases. The main reason for the formation of the platform section is that under the action of small confining pressure (2.1 MPa), the load-bearing particles in the sandy soil sample change from the initial mutual extrusion and rolling to the particle breakage and particle reorientation, which is also the main reason for the specimen deformation from shear shrinkage to shear dilatation. This conclusion is consistent with the point of reference (Zhou et al., 2021). When the confining pressure is large (5.8 and 11.5 MPa), the plateau section in the stress-strain curve is no longer obvious, indicating that a large number of particles are broken in the initial stage and distributed throughout the test process, which can be verified by the fact that the slope of volume strain in Figure 7 remains basically constant.
[image: Figure 7]FIGURE 7 | Volume strain variation of undrained shear under different initial confining pressures.
[image: Figure 8]FIGURE 8 | The change of undrained shear stress ratio of dense sandy soil under different initial confining pressures.
CONCLUSION
By introducing the state variable into the dilatancy equation and using the theory of GSH and critical state, an inelastic coupled model of thermo-hydro-mechanical is established without considering the concepts of yield surface and flow rule, and the characteristics of sandy soil under the action of high stress and temperature are simulated. The effectiveness of the model is proved by the isotropic compression tests and the shear tests of drained and undrained. Moreover, based on the undrained shear test of sandy soil, the stress-strain relationship and pore pressure of sandy soil under different temperature conditions are predicted. The following conclusions are drawn:
Under the action of high stress, the microscopic mechanism of sandy soil sample deformation is gradually transformed from the rolling and extrusion of the particles to the particles broken and filled with pores. The particle breakage rate and the degree of shear shrinkage deformation of sandy soil samples are positively correlated with the pressure on the samples.
The stress-strain relationship of sandy soil under atmospheric pressure is strain hardening type, which gradually changes to strain softening type with the increase of confining pressure, and the peak strength value increases with the increase of confining pressure.
The higher the temperature is, the greater the pore pressure of sandy soil under undrained shear condition are. However, with the increase of shear strain, the effect of temperature on shear strength is gradually weakened, while the pore pressure is gradually increased and tends to be flat.
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The use of feasible 3-D numerical methods has become essential for addressing problems related to rockfall hazard. Although several models with various degrees of complexity are available, certain trajectories and impact dynamics related to some model inputs could fall in the rockfall observations area but are rarely calibrated against reflecting its range, especially the lateral deviations. A major difficulty exists in the lack of simulating the apparent randomness during the impact-rebound process leading to both ground roughness and block irregularities. The model presented here is based on three-dimensional discontinuous deformation analysis (3-D DDA). Despite similarities to previous simulations using 3-D DDA, the model presented here incorporates several novel concepts: (1) ground roughness is represented as a random change of slope angle by height perturbation at a grid point in DEM terrain; (2) block irregularities are modelled directly using polyhedron data; (3) a scaled velocity restitution relationship is introduced to consider incident velocity and its angle. Lateral deviations of rebound velocity, both direction and value, at impact are similarly accounted for by perturbing the ground orientation laterally, thus inducing scatter of run-out directions. With these features, the model is capable to describe the stochastic rockfall dynamics. In this study, 3-D DDA was then conducted to investigate the dynamic behavior of the rockfall and examine the role of sphericity of the rock block travelling on bench slopes with different ground roughness levels. Parametric analyses were carried out in terms of cumulative distribution function (CDF) to investigate for spatial distribution (both runout distance and lateral displacement), velocity and jumping height. The effects of block shape and ground roughness revealed by these factors were discussed. It suggests that ground roughness amplifies the randomness and plays important roles on the dynamic behavior of the system; irregularity from block sphericity will further amplify the randomness especially when the size of the rock is relatively small compared to the roughness level. Both irregularities should be taken into consideration in simulating rockfall problems. Further calibration of the new model against a range of field datasets is essential.
Keywords: rockfall, 3-D DDA, rock sphericity, stochastic ground roughness, movement characteristics
1 INTRODUCTION
Rockfall refers to a dynamic process that unstable rock mass is detached from the cliff or individual boulder from the surface of slope, moves quickly downward through one or several combinations of movement modes such as toppling, falling, rebounding, rolling or sliding, finally comes to rest near obstacles or on a relatively flat field (Volkwein et al., 2011; Hungr et al., 2014). Small as the scale of rockfall is, it is difficult to predict in most cases due to its suddenness, uncertainty, and high recurrence frequency (Guzzetti et al., 2002; Cheng and Su, 2014; Wei et al., 2020). Meanwhile, it has the characteristics of high velocity and energy, greatly threatens the construction and operation of hydropower projects, mines, highways, railways, pipelines, etc. As the demand for the development and utilization of mountainous areas grows, it becomes one of the major geological disasters in these areas: the rockfall cases are more frequent, while reports about heavy casualties and economic losses caused by rockfalls are more common (Stacey and Gumede, 2007; Pappalardo et al., 2014; Singh et al., 2021).
Nowadays there are many technologies for preventing or reducing rockfall disasters, but they are technically difficult to implement and cannot be applied anywhere, because rockfalls are difficult to predict and not easily accessible as mentioned above (Gischig et al., 2015). To avoid rockfall disasters, one way is to identify hazardous areas that may be affected and to avoid human activities there. Another way is to eliminate or reduce the danger zones by using earthwork, rigid or flexible barriers to intercept potentially dangerous rockfall.
The design for rockfall countermeasures depends on the accurate analysis of the rockfall dynamics, including velocity, jumping height, spatial distribution, etc. Due to lack of detail data for quantitative observations on-site, rockfall dynamics based on different trajectory modeling algorithms are adopted to evaluate those characteristic parameters. For example, Chen (2013) discussed many parameters that affect the trajectory and energy conversion of rockfall. Corresponding numerical simulation analysis was carried out to summarize the movement mode of rockfall under different coupling action of external factors and internal factors using the fast lumped-mass method.
Furthermore, Crosta et al. (2015) introduced the key issues in the rockfall model, pointed out that rock shape, three-dimensional characteristics of slope geometry, and ground roughness are the main factors that control the randomness of rockfall trajectory, and came to a conclusion that rough slope causes rockfall trajectory to deviate from its steepest gradient. Thus, it was first discussed based on lumped-mass methods by introducing coefficients to characterize the rock shape and slope roughness. Ge et al. (2021) used ROCFALL 8.0, through 2500 sets of orthogonal experiments, the influence of rock shape, volume, angular velocity and slope angle, surface hardness, ground roughness, and other factors on the runout distance and potential energy loss rate of rockfall were discussed, and then came to a conclusion about the key factors affecting the movement of rockfalls; Gischig et al. (2015) adopted the lumped-mass method, using both ground and particle roughnesses to describe the random characteristics of rockfall dynamics, successfully simulated the velocity, trajectory, and jump height of rockfall. Then, actual rock shapes were taken into more complex algorithms, especially numerical methods. Vijayakumar et al. (2012) used the shape, size, and contact point of rockfall to calculate the translation and rotation components of kinetic energy of the rocks based on theoretical analysis and illustrated the influence of rocks’ shapes on the normal restoration coefficient of rockfall. Glover (2015) used a three-dimensional rigid rockfall model considering rock shapes to perform numerical simulations on rockfall. Their results proved the importance of rock shape in rockfall dynamics.
Discontinuous deformation analysis (DDA) (Shi and Goodman, 1985; Shi, 2001), as a calculation method that can analyze large deformations and large displacements of jointed rock masses in arbitrary shapes, has outstanding advantages and wide application prospects in disaster prediction and protection, extremely for accurate reproduction of rockfall characteristics (Ma et al., 2011). Notably 3-D DDA can veritably simulate 3D terrain features of slope and shapes of rockfalls (Wang et al., 2017; Liu et al., 2021; Ma and Liu, 2021), to investigate lateral displacement of rockfall, which is important for countermeasures design (Liu et al., 2020). Chen et al. (2013) compared the differences on prediction of rockfall dynamics between 2-D and 3-D DDA simulations. The results show that 3-D simulations are more suitable for providing inclined slope with rough surface or trees distributed, while 2-D ones have better efficiency for the slopes dominated by valleys and ravines, which helps to choose the appropriate DDA simulation for rockfall analysis. At present, the application of programs designed based on 3-D DDA theory is more and more widespread.
It is to be noted that, through numerical analysis, literature has proved that rock shape and ground roughness have a significant impact on the characteristics of rockfall. However, there are still the following obvious shortcomings: (1) Currently commonly used algorithms (2-D ones, such as ROCKFALL, SASS-MASSI, Salto Massi; 3-D ones, such as Eboul, STONE, RAMMS) usually fast simulate rockfall through the lumped-mass or rigid body method (Huang et al., 2010), are difficult to access the influence over the rockfall dynamics from different rock shapes and ground roughness levels; (2) using DDA or DEM numerical methods, the problem on probabilistic randomness is considered less, trajectories of rockfall through multiple calculation cycles are pretty much the same.
However, the movement of rockfall on the slope is affected by many complicated factors. Each impact between rock and slope is a random process with great randomness (Wang et al., 2015; Sun and Duan, 2020). The first source of randomness is the irregularity of the ground surface, the presence of obstacles such as boulders or trees, and the variability of surface strength and stiffness. The second source is the irregularity of rock shapes. As to non-spherical rock, every small movement at the contact point in the rockfall direction will cause an apparent change in the impact conditions. Irregular rocks encounter similar random collision conditions when interacting with non-featured surfaces, just like spheres encounter on rough surfaces. Generally speaking, the two random effects occur at the same time, and cause randomness to be one of the major features of rock-slope impact. Therefore, the new model proposed in this article introduced several new concepts, which are important for accurate simulation of rockfall dynamics.
(1) The first concept involves the definition of roughness. The hypothesis is that the random disturbance of slope surface micro-topography, that is, the degree of unevenness of the surface, is expressed by the product of the micro-topography parameter and the fluctuating frequency, which is specified by the mathematical expression of roughness proposed by Romkens and Wang (1986).
(2) The second concept concerns the presentation of block irregularity. In actual rockfalls, the rock shapes are relatively irregular, and will lead to corresponding unique movement modes (Crosta et al., 2015). Therefore, the half-edge data structure is employed in this article to approximately represent the rock shape to different levels of detail.
(3) The third concept introduces the scaled velocity restitution relationship (Pfeiffer and Bowen, 1989) to consider both the modulus and incident angle of incident velocity. Coupling with the disturbance of the ground direction, it leads to the dispersion of rebounding, not only the direction, but also the value.
Although the concepts discussed earlier in this paper rely on many assumptions, they could draw out a successful calibration of the resulting model. Due to the stochastic nature implemented in 3-D DDA to express these concepts, this model is flexible for probabilistic rockfall hazard investigations. The model was then used to describe the rockfall dynamics of four platonic-shaped rocks moving on bench slopes with different roughness levels. Stochastic results were evaluated in terms of cumulative distribution function (CDF) of spatial distribution (both runout distance and lateral displacement), velocity, and jumping height. The effects of block shape and ground roughness revealed by these factors were discussed.
2 METHODS
2.1 Applying Stochastic Roughness
Roughness is the degree of unevenness in the surface, also called micro-relief. Romkens and Wang (1986) divided it into four categories, each representing a different order of magnitude: (1) micro-relief variations due to individual particles, micro- or macro-aggregates, uniform in all directions, with an order of magnitude of 1 mm, varying from 0 to 2 mm; (2) surface variations caused by cloddiness, non-directional, often referred to as random roughness, with an order of magnitude of 100 mm, ranging up to 200 mm; (3) the ground caused by tillage tools having systematic differences, directional with an order of magnitude of 100∼200 mm, also related to oriented roughness; (4) higher order roughness, indicating variations in the level of field, watershed, or landscape. Such variations are generally very substantial with non-direction.
Romkens and Wang (1986) defined a dimensionless roughness parameter R arbitrarily formulated as the product of the micro-relief index A and the peak frequency F:
[image: image]
where A refers to the area per unit length between the measured surface profile and the least square regression line through all measured elevations on a transect; F is the number of elevation maxima per unit transect length. A 2-D scheme and computed values of R, A, F are depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic representations of ground roughness (modified from Romkens and Wang (1986).
Furthermore, roughness index R could be approximately considered as elevation variations at grid-point when F is the reciprocal value of 2 times fixed cell size. Herein ground roughness could be portrayed randomly by adopting elevation variations at all grid-points under a statistical distribution, while remaining the slope geometry unchanged, as indicated in Figure 2A. Examples with different R values (1/8, 1/4, 1/2) based on a 3-D topography of cell size of 2 m are demonstrated in Figures 2B,D. Their grid-point elevation variations obey normal distributions with expectation μ = 0, standard deviation σ = 100, 200, 400 mm, respectively (Table 1).
[image: Figure 2]FIGURE 2 | Slope surfaces with different roughness levels. (A) Applying stochastic roughness. (B) R = 1/8, μ = 0, σ = 100 mm. (C) R = 1/4, μ = 0, σ = 200 mm. (D) R = 1/2, μ = 0, σ = 400 mm.
TABLE 1 | Standard deviation of variation, micro-relief area index, and peak frequency for each roughness practice
[image: Table 1]Therefore, coupling with the TRN (triangulated regular network) proposed by Chen et al. (2013) and Wang et al. (2017), stochastic slope surfaces at different roughness levels could be implemented for 3-D DDA rockfall simulation.
2.2 Representing Falling Rock
In actual rockfall disasters, the rock shapes are quite different and relatively irregular. In order to demonstrate the detail shape of falling rock, the half-edge data structure (Figure 3A) is introduced into the simulation. It organizes and describes the Eigen frame of rock body from a cloud of points, which could be captured by laser scans etc. It could represent the complex shape from convex to concave, even multi-connected polygon (2-D) and polyhedron (3-D) (Figure 3B).
[image: Figure 3]FIGURE 3 | Example of complex rock block representations using the half edge data structure. (A) Scheme of the half edge data structure. (B) Convex and concave blocks with hole.
The rock’s mass m is derived from its volume calculated using the Simplex Integration (Shi and Goodman, 1985; Shi, 2001) with user defined density ρ. The rock has 12 degrees of freedom (three translational and three rotational displacements, three tension and three shear strains, Equation (2)) to describe the rock mass center (x0, y0, z0) at any time t. At time t = 0, rocks fill off or are released from the slope surface after destruction, which is located at some distance above the terrain.
[image: image]
2.3 Modelling Flight Trajectory
The trajectory between collisions is computed based on DDA (2-D and 3-D, respectively). The air and vegetation resistance are neglected. The only acceleration is gravity (g). The accuracy was validated using several basic types of rockfall motion models separately (Wang et al., 2017) except the collision-rebound. It shows DDA is an effective tool with high accuracy to predict rockfall dynamics of free fall, rolling, and sliding.
During rockfall, collision-rebound is the most complex and uncertain, usually modelled as an inelastic process and acting at the body’s center of mass. Previous literature shows that DDA has the capacity to accurately determine the contact points (Zhang et al., 2015; Zhang et al., 2016) between rock and slope surface of any arbitrary shapes with appropriate simulation parameters (Zhang et al., 2018). However, the contact force and rebound displacement could be accurate enough within the limit scope of the incident velocity using a fixed spring stiffness value. In other words, it is difficult to reproduce proper energy-losses when the incident velocity varies largely during the whole rockfall process.
It could be simplified using a restitution coefficient determined from field observations or laboratory experiments, by velocity coefficient Rv (the ratio of rebound velocity Vout to incident one Vin) or corresponding energy coefficient Re (Dorren, 2003; Volkwein et al., 2011). For rockfall modelling Rv is commonly further decomposed into slope normal and tangential components (Rn and Rt). Rotational speed (RS) has also been considered in some rockfall models by adding the corresponding energy to access Re (Chau et al., 2002), but there is very limited data on this component due to the difficulties of resolving velocities from video-geometric measurements. The RS effect remains argued and unsolved (Duan et al., 2021; Tang et al., 2021). Meanwhile, some recent laboratory experiment results indicate that energy based definitions do not perform well in rockfall modelling (Asteriou, 2019; Ji et al., 2021). Therefore, only Rv is embedded in the proposed model.
It is achieved by adopting the post-modification proposed by Chen (2003). The rebound velocity (Vx, Vy, Vz) (the velocity when contact between rock block and surface TRN ends) is DDA simulated and then modified to be not greater than Rv times of incident velocity [image: image] (the velocity recorded when block-TRN contact occurs).
[image: image]
Rv value is assigned due to the surface material of each TRN cell.
Considering that Rv is obviously dependent on both the modulus and incident angle of Vin the normal direction, various correction schemes have been proposed in previous studies. This paper adopts the model proposed by Pfeiffer and Bowen (1989), as shown.
[image: image]
Among them,
[image: image]
where Vnin and Vnout are the normal components of Vin and Vout, respectively; Vnin≠0. K is the slope of the S-F curve. Rn (scaled) and K could be determined through laboratory or field experiments. For example, K is recommended to be 9.144 m/s, Rn (scaled) is 0.95 for marble surface and 0.45 for vegetation cover surface.
Furthermore, Tetsuya et al. (2009) extended the formula to determine Vout directly, which is much easier to be implemented in DDA algorithms. Rn (scaled) is replaced by Rv (scaled). Both Rv (scaled) and K in the S-F curve could be determined:
[image: image]
Take marble as an example, K = 12 m/s, Rv (scaled) is 0.95.
3 MODEL ESTABLISHMENT
3.1 Slope with Stochastic Roughness
The meshgrid of the modelling slope and below the accumulation area was 60 m long (x-direction), 40 m wide (y-direction), with a grid size of 2 m. The slope was 30 m high (z-direction) and its slope ratio was set to 1:1. Three 2-m wide platforms were located at 6, 14, and 22 m (x-direction) to meet stability requirements in specification for design of highway subgrades (China Communications Second Highway Survey and Design and Research Institute, 2015). Therefore, this bench slope was 36 m long.
With different R values listed in Table 1, three stochastic rough slope models (S1, R = 1/8; S2, R = 1/4; S3, R = 1/2) were set up and are depicted in Figures 2B–D.
3.2 Rockfalls
In actual rockfall disasters, the shapes of rockfalls are quite different and relatively irregular. In order to avoid further difficulties of other shape factors (Tetsuya et al., 2009) on determining the coefficient of restitution, this paper focused on sphericity, selected rockfalls as regular tetrahedron (R1), regular hexahedron (R2), regular octahedron (R3), and regular dodecahedron (R4) for simulation experiments. The four different rocks are portrayed in Figure 4.
[image: Figure 4]FIGURE 4 | Rock blocks with different sphericities. (A) Regular tetrahedron (sphericity = 0.671). (B) Regular hexahedron (sphericity = 0.806). (C) Regular octahedron (sphericity = 0.846). (D) Regular dodecahedron (sphericity = 0.911).
The sphericity (Equation 7) is defined by Wadell (1932) as:
[image: image]
3.3 Simulation Parameters
The TRN cell here was rigid with friction. The Rv (scaled) was 0.95, the standard deviation was 0.05, and K = 12 m/s (coefficient of restitution). According to the field experiment conducted by the Japan Road Association in 2000, a friction coefficient of 0.11–0.20 was adopted, which is equivalent to an average dynamic friction angle 10°, and its standard deviation was set about 0.05.
The volume of falling rock was 1 m3. The density was 2.8 × 103 kg/m3, the young’s modulus was 3.0 × 104 MPa and the Poisson’s ratio was 0.2.
The values of control parameters for DDA simulations are listed in Table 2.
TABLE 2 | DDA control parameters.
[image: Table 2]4 ROCKFALL DYNAMICS
4.1 Numerical Procedure and Experiments Designed
Specific simulations were performed to reveal the advantages of the proposed rockfall model using 3-D DDA. In addition, they could help to understand the role of irregularities from both ground roughness and rock shape on the mobility of the falling particles. It is worth noting that all the physic parameters were adopted in the above section and DDA control parameters were adopted from Table 2.
The numerical experiments were designed into two categories and are illustrated in Figure 5.
(1) The simulations were first performed using four different rocks (R1∼R4, volume of 1 m3) initially located 2.5 m (center) above the top of the slope (S1, 30 m high). The numerical procedure used to simulate the experiment begins as the rock was released and free falling to the top of the slope, generated an initial velocity. It ended when the rock finally stopped.
(2) To investigate the importance of ground roughness in rockfall dynamics, the simulations were then conducted using regular dodecahedron (R4), the most sphere rock block for the other two investigated slope surface (S1 and S3). The rock fell from the same initial position.
(3) Rockfall dynamics of various combinations of rock shape and ground roughness were further studied and discussed.
[image: Figure 5]FIGURE 5 | 2-D sketch of numerical experiment design.
4.2 The Number of Simulations
Considering the uncertainty raised by the nature of such stochastic models, a limited number of observations will amplify the random fluctuations in rockfall dynamics. To avoid so, the model requires to be performed with a quantity of parallel realizations. The procedure was repeated until the relative error of each observation variable (runout distance, velocity, jumping height, lateral displacement, and platform resistant no.) was less than 1%. As the no. of realization increases, the relative error of lateral displacement decreases greatly, and the one of each other variable also decreases (Figure 6).
[image: Figure 6]FIGURE 6 | Relationship between relative error and number of experiments.
The simulations were performed on each block released 250 times and all realizations were drawn to extract for the distribution of each variable. The modeled maximum value was used to estimate the uncertainty representing the variability in the stochastic results. Although there may still be a potential undersampling, the comparison between the distributions and maximum values derived from different models could indicate that there remain discrepancies from rock shape and ground roughness, respectively. However, it also demonstrated the capability and advantages of the proposed model based on 3-D DDA.
4.3 Results
4.3.1 Typical Trajectories
The trajectory study in this section was carried out under the condition of S2 and R = 1/4. Figure 7 depicts the typical velocities of rockfall with different sphericities varying along the x-direction on a single rough slope. Figure 8 portrays the typical jumping heights varying along the x-direction. It can be clearly seen that when the falling rock collided with each step of the platform, rockfall velocity reduced significantly. After leaving the platforms, the velocity of rockfall increased rapidly when moving on the slope. Finally, when rockfall run across to the bottom of the slope the velocity quickly decreases to 0 m/s.
[image: Figure 7]FIGURE 7 | Velocity along the x-direction.
[image: Figure 8]FIGURE 8 | Jumping height along the x-direction.
The results were further used to statistically analyze the law about spatial distribution, velocity, and jumping height of rockfall.
4.3.2 Stochastic Maps
The inherent randomness is derived from the impact physics. It is reproduced by a random change of slope orientation at collision. With this stochastic element, the model is well suited for probabilistic rockfall trajectory maps. A Monte-Carlo search was performed, the ground roughness (presented by grid-point elevations) was varied 250 times using a normal distribution for each roughness level as listed in Table 1. The four regular rock blocks were released on each set of slope surfaces, respectively.
Figure 9 exhibits the trajectory distributions of falling rock with different sphericities (R1∼R4) travelling on the slope with a medium ground roughness (S2, R = 1/4). Figure 10 displays the trajectory results of R4 (dodecahedron, S = 0.911) falling on the other two slopes (S1, R = 1/8 and S3, R = 1/2).
[image: Figure 9]FIGURE 9 | Maps showing spatial distribution of trajectories vs. sphericities on S2 (R = 1/4). (A) R1, S = 0.671. (B) R2, S = 0.806. (C) R3, S = 0.846. (D) R4, S = 0.911.
[image: Figure 10]FIGURE 10 | Maps showing spatial distribution of trajectories of R4 (S = 0.911) on S1 (R = 1/8) and S3 (R = 1/2), respectively. (A) S1, R = 1/8. (B) S1, R = 1/2.
As a criterion to assess quantitative investigation, the cumulative distribution functions (CDF) were computed, compared, and discussed below.
4.3.3 Effect of Sphericity
The behavior of a single rock moving on S1 slope (R = 1/8) was first investigated using the set of four platonic-shaped blocks. Figure 11 demonstrates the CDF for this subset: (a, b) spatial distributions, in terms of end positions; (c) maximum velocity; and (d) maximum jumping height.
(1) The largest values of runout distance were: R1, 42.68 m; R2, 43.32 m; R3, 45.18 m; and R4, 47.88 m. 23% R1, 26% R2, 36% R3, and 58.1% R4 reached the toe of the slope (>36 m). The entire CDF shifted toward higher runout distance as sphericity increased;
(2) The ranges of later displacement were: R1, [−18.32 m, 3.57 m]; R2, [−8.51 m, 4.88 m]; R3, [−6.32 m, 5.48 m]; and R4, [−5.48 m, 4.26 m]. There was a trend that the CDF curve becomes narrower as sphericity increases;
(3) The largest values of maximum velocity were: R1, 12.66 m/s; R2, 15.65 m/s; R3, 14.99 m/s; and R4, 18.05 m/s. The entire CDF also moved to higher values in terms of velocity;
(4) The largest values of maximum jumping height were: R1, 2.91 m; R2, 2.96 m; R3, 3.13 m; and R4, 4.40 m. However, the entire CDF did not show the trend to vary along one direction.
[image: Figure 11]FIGURE 11 | Model results for a case with different rock block sphericities: (A) runout distance; (B) lateral displacement; (C) maximum velocity; and (D) maximum jumping height.
The above results suggest that rock sphericity plays important roles on the dynamic behavior of the system and should be taken into consideration in simulating rockfall problems.
4.2.4 Effect of Surface Roughness
The behavior of a single dodecahedron rock (R4, S = 0.911) moving on slope with different roughness levels was then evaluated. Figure 12 illustrates the CDF for this subset: (a, b) spatial distributions, in terms of end positions; (c) maximum velocity; and (d) maximum jumping height.
(1) The largest values of runout distance were: S1, 47.88m; S2, 44.61 m; and S3, 43.91 m. 58.1% S1, 41.9% S2, and 32.6% S3 ran across the last platform, rested on the toe of the slope. In addition, the entire CDF shifted toward lower runout distance as roughness level increased.
(2) The ranges of later displacement were: S1, [−5.44, 4.26 m]; S2, [−5.57, 8.41 m], and S3, [−19.70, 6.89 m]. The CDF curve became much broader for a high roughness level S3, R = 1/2;
(3) The largest values of maximum velocity were: S1, 18.05 m/s; S2, 17.29 m/s; and S3, 16.83 m/s. Although it decreased as roughness level increased, the entire CDF did not vary significantly;
(4) The largest values of maximum jumping height were: S1, 4.40 m; S2, 2.59 m; and S3, 3.72 m; Meanwhile, the entire CDF did not show significant variation when the surface became rougher.
[image: Figure 12]FIGURE 12 | Model results for a case with different rock block sphericities: (A) runout distance; (B) lateral displacement; (C) maximum velocity; and (D) maximum jumping height.
The above results manifest that ground roughness also plays important roles on the rockfall dynamics and should be taken into consideration in simulating rockfall problems.
5 DISCUSSION
5.1 Coupling Effect of Rock Shape and Ground Roughness
By examining the measured trajectory profiles for R1∼R4 (Figure 13A), as the ground roughness decreased, the runout distance of all monitored rocks increased. When the ground roughness was 1/2 (S3), the runout distance reached 40.10, 40.70, 42.11, and 43.91 m for rock sphericity 0.671, 0.806, 0.846, and 0.911, respectively. The runout distances of the same set of rocks on slope S2 (R = 1/4) are found to be slightly higher (40.58, 41.27, 42.85, and 44.61 m). The runout distances on slope S1 (R = 1/8) increased significantly (42.68, 43.32, 45.18, and 47.88 m). As the rock sphericity increased, the rock mobility increased as the runout distance of the four monitored rocks increased for all ground roughness levels.
[image: Figure 13]FIGURE 13 | Spatial distributions of different roughness levels. (A) Runout. (B) Lateral displacement range.
To illustrate the role of the ground roughness on the lateral displacement of the investigated rockfall problem, the end locations of the rocks were examined for different ground roughness levels that are depicted in Figure 13B. The trends of the lateral displacement by different ground roughness were found to be not consistent overall. When the ground roughness was 1/2 (S3), the lateral displacement range reached 21.89, 13.39, 11.32, and 9.70 m for rock sphericity 0.671, 0.806, 0.846, and 0.911, respectively, showed a decreasing trend. The lateral displacement ranges of the same set of rocks on slope S2 (R = 1/4) were found to be slightly higher (20.62, 16.06, 15.71, and 14.68 m) with the same trend. However, the lateral displacement ranges on slope S1 (R = 1/2) changed to increase (18.65, 19.68, 21.57, and 28.75 m). It became significantly large especially when rounder rock fell. Therefore, the lateral displacement range value was trapped when the ground roughness changed to a higher order magnitude. When the ground roughness is relatively small to the rock size, the rock could more easily run across the local surface undulation. Thus, the lateral displacement range was controlled by rock sphericity.
5.2 Limitations

(1) Rockfalls can range from small cobbles to large boulders of several tens of cubic meters in size. The work presented in this paper is conceptual in nature and represents an ideal condition that involves small rock particles with a certain size (1 m3). Meanwhile, for the sake of simplicity, only four platonic-shaped rocks were considered for monitoring during the numerical simulation. This was limited but justified to the spherical weathering granite rockfall with similar material and geometric characteristics.
(2) In addition, the platform setting in the slope model made rocks usually stagnated, did not reach the toe of slope (Figure 14), causing a kind of undersampling, that masked the statistics of the spatial distribution, velocity, and jumping height. The upper and lower triangle cells in TRN are directionally aligned, which leads the lateral displacement to be bias to one side. This should be improved in a future study.
[image: Figure 14]FIGURE 14 | Ratio of rocks stagnated on platforms of different roughness levels.
6 CONCLUSION
In this study, a stochastic model was proposed to perform 3-D rockfall analysis, which has the following main characteristics: (1) it is based on 3-D DDA; (2) rock with arbitrary shape is described using the half-edge data structure; (3) ground roughness is accounted for by a random perturbation of grid point elevation, obeying a normal distribution; (4) trajectory between collisions is directly computed based on DDA; (5) restitution factors depend on the Scale Velocity Restitution model to consider both magnitude and angle of the incident velocity. Lateral displacement scatter is enabled by stochastically perturbing ground orientation at impact. Due to its stochastic nature, this model is flexible for probabilistic rockfall hazard investigations.
A series of three-dimensional numerical simulation was conducted to understand the mobility of rockfall on surfaces with three different roughness levels. Four platonic-shaped blocks were used to investigate the effect of sphericity on the dynamic behavior of the falling rock. The spatial distribution, velocity, and jumping height of selected rocks were recorded in terms of CDF to understand the effect of both rock sphericity and ground roughness on the rockfall dynamics.
General agreement was found: the rock sphericity increased; the rock mobility increased as the runout distance of the four monitored rocks increased for all ground roughness levels. Meanwhile, the mobility decreased as ground roughness increased. Consistent increase of lateral displacement range brought about by the sphericity was not apparent for the ground with relatively higher order roughness level for rocks with certain size. In addition, there was no obvious trend showing in both velocity and jumping height data. Finally, it showed that modeling rock shapes and ground roughness are important to capture the rockfall dynamics.
The next work will attempt to perform application and calibration of the model to find suitable parameter sets. Therefore, the work presented here is part of a series of ongoing studies that attempts to provide efficient and accurate three-dimensional rockfall analysis.
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To simulate the moving boundary problems, the moving least square–based numerical manifold method, abbreviated as MLS-based NMM, was proposed. The MLS-based NMM has been applied successfully to open crack problems, which exhibits the high accuracy and strong robustness. In this study, we extend the MLS-based NMM to simulate the cracked rock considering the contact of the crack surface. Simultaneously, in order to simulate the progressive failure of the cracked rock, an improved strength-based criterion is proposed. The criterion is based on the Mohr–Coulomb criterion and maximum tensile stress criterion. Because rock can be regarded as a quasi-brittle material, a characteristic distance is used to calculate the crack tip stress and correct the crack propagation direction which avoids the phenomenon of “Zig-zag” for the crack propagation path based on the fracture mechanics criterion. The proposed strength-based criterion can acquire the crack tip stress and propagation direction and also realize the automatic determination of the crack propagation length in each step of the crack growth. A Brazilian disc problem and a rectangular plate problem are adopted to verify the numerical model. At last, the numerical model is applied to study the progressive failure process of the rock slope. The results indicate that the proposed method can deal with the crack propagation in the rock and the opening/sliding of rock blocks along discontinuities in a natural way.
Keywords: numerical manifold method, moving least squares, contact, cracked rock, strength-based criterion, crack propagation
INTRODUCTION
In rock engineering, rock mass is rich in a large number of discontinuous cracks and joints, which often leads to instability and destruction of the engineering structures. In addition, oil and gas exploitation need to produce directional cracks in the rock mass for increasing the production. Thus, the research of crack propagation in rock mass is of great significance to practical engineering activities.
Under the action of self-weight stress and tectonic stress, cracks may be in a closed state during the development process. In order to accurately simulate the crack propagation in rock mass, the contact between the crack surfaces must be considered. At present, the simulative methods of crack propagation considering contact are mainly divided into three categories: 1) Continuum-based analysis method, such as the finite element method (Li et al., 2005), extended finite element (Liu and Borja, 2008; Xie et al., 2016), mesh-free/mesh-less method (Zhu et al., 2011), scaled boundary finite element method (Zhang P. et al., 2021), and phase-field method (Fei and Choo, 2020). 2) The analysis method based on the discontinuous medium, such as discontinuous deformation analysis (Ning Y. et al., 2011; Zhang K. et al., 2021), discrete element method (Camones et al., 2013; Yan and Zheng, 2017), and peridynamics (Rabczuk and Ren, 2017; Lu et al., 2021).3) The continuous and discontinuous unified analysis method, such as the numerical manifold method (Wu and Wong, 2012; Liu et al., 2017; Zheng et al., 2019; Yang et al., 2020b). It is not an easy task for continuum-based analysis methods to simulate complex crack problems. For example, it is difficult to construct the level set of the extended finite element to describe the position of the complex crack, and the finite element method requires that the crack tips stay on the edge of the element at each step of crack propagation. The phase-field method requires additional calculation of the field and encryption of the grid near the crack, which results in low computational efficiency. The analysis method based on the discontinuous medium can deal with the complex crack problem well, but the calculation accuracy is not high in the continuous area. Although there are corresponding coupling methods, the data transmission problem at the junction of different areas needs to be considered, which is more difficult to handle. In view of this, the numerical manifold method (NMM) (Shi, 1991) was proposed, which belonged to the continuous and discontinuous unified analysis method.
At the beginning of the NMM, it aimed to solve the continuous and discontinuous problems in geotechnical engineering under a unified framework. The continuous and discontinuous solutions were implemented by using two sets of covering systems, which were physical and mathematical covers, and the penalty method for imposing contact boundary conditions with an open-close iteration determining the contact states. After 30 years of development, it has made great achievements in basic theories (Liu and Zheng, 2016; Yang and Zheng, 2017; Liu et al., 2020; Liu and Zheng, 2021) and applications (Jiang et al., 2010; Wang and Gong, 2012; Zheng et al., 2015b; Fan et al., 2016; Chen and Li, 2017; Zhang et al., 2018; Guo et al., 2019; Yang et al., 2019; Yang et al., 2020a). The studies on crack propagation using the NMM are discussed in detail below.
According to whether the crack tips are allowed to stay inside the physical patch with crack propagation, the NMM can be divided into two categories. The first type is that only the crack tips are allowed to stay at the edge of the physical patch. Based on a local mesh refinement and auto-remeshing scheme, Tsay et al. (1999) carried out the simulation of crack propagation using the NMM. Later, Chiou et al. (2002) combined the virtual crack extension method to simulate the mixed mode fracture propagation. Zhang G. et al. (2010) applied the second-order manifold method to simulate the toppling failure of the rock slope. Considering the crack surface contact, the stability analysis of the rock slope was studied based on the Mohr–Coulomb criterion with a tensile cutoff (Ning Y. J. et al., 2011; An et al., 2014). Based on a cover refinement method, Yang et al. (2014) modeled cracks with contact. The second type is that the crack tips are allowed to stay at any position of physical patch. In order to reflect the singularity and discontinuity near the crack tip, a local approximation function is introduced to improve the solution precision (Li and Cheng, 2005; Ma et al., 2009; Liu et al., 2021a), which is also known as the enriched NMM. Most studies have focused on open cracks (without considering the contact of the crack surface), such as tensile/tension-shear crack propagation (Zhang H. H. et al., 2010; Yang et al., 2016a; Yang et al., 2016b; Xu et al., 2019) and hydraulic fracturing modeling (Yang YT et al., 2018). Frictional contact cracks using the enriched NMM are studied in detail in the literature (Wu and Wong, 2012; Liu et al., 2017; Zheng et al., 2019). The enriched NMM has successfully simulated the failure process of the rock slope considering the contact of the crack surface (Wong and Wu, 2014; Yang et al., 2020b). Obviously, if only the crack tip is allowed to stay at the edge of the physical patch and the local mesh refinement technology near the crack tip is not adopted, the calculation error will increase when the mesh is coarse.
In order to further improve the solving accuracy of the NMM and its ability to deal with moving boundary problems, the moving least square–based NMM (abbreviated as the MLS-based NMM) was proposed (Zheng et al., 2014), which allowed the crack tips to exist in the physical patch. Compared with the traditional NMM, the MLS-based NMM without changing the arrangement of mathematical nodes can improve the approximate precision of partition of unity by increasing the size of the constructing mathematical patch and choosing the order of basis function and the type of weight function constructing MLS. Of course, the MLS-based NMM also inherits the advantage of the NMM to improve the approximate accuracy by constructing a local approximation function (increasing the order or reflecting the analytical solution of the local characteristics of the problem domain) (Zheng et al., 2014; Zheng and Xu, 2014), and it is easy to implement p-adaptive analysis (Liu and Xia, 2017). It can solve the continuous and discontinuous problems in a unified framework. Through the construction of tailored local approximate functions, the essential boundary condition and material interface continuity can be imposed exactly (Zheng et al., 2017). The MLS-based NMM for seepage analysis (Zheng et al., 2015b) and 3D static and dynamic analyses of the continuous elastic body (Liu et al., 2019) have also been presented.
At present, the MLS-based NMM is mainly used for open crack analysis (Zheng et al., 2014; Zheng et al., 2015a; Li et al., 2018a; Li et al., 2018b; Li et al., 2021). This study will expand the MLS-based NMM to study the closed crack propagation considering the contact boundary conditions of the crack surface. So, a variational equation for conservation of momentum considering the contact will be established and discretized by the MLS-based NMM.
The maximum circumferential stress criterion based on fracture mechanics is only applicable to the case where the type I stress intensity factor (KI) is greater than or equal to zero (Wu and Wong, 2012). However, when the criterion is used to simulate compression-shear cracks, KI is usually less than zero, which is actually unreasonable. The simulated results based on the fracture mechanics criterion are also given in section 6, and it is found that the propagation path is “Zig-zag”, which deviates from the reality. Therefore, inheriting the literature (Zheng et al., 2019; Yang et al., 2020b), this study proposes an improved strength based on the Mohr–Coulomb criterion and maximum tensile stress criterion, including the crack initiation criterion, propagation direction, and propagation length and verifies its validity through numerical examples.
Section 2 gives a detailed introduction to the MLS-based NMM, including MLS, cover systems, global approximation function space, and background integration mesh. In section 3, the method of contact treatment in the MLS-based NMM, the inheritance strategy of the degree of freedom during crack propagation, and the variational equation of momentum conservation considering contact are introduced, and the corresponding solving scheme of the MLS-based NMM is established. In section 4, an improved strength-based criterion is proposed as the crack propagation criterion. Section 5 gives the detailed process of program implementation. In section 6, the validity of the proposed method is verified by some typical examples. Some conclusions are drawn in the last section.
AN INTRODUCTION TO THE MLS-BASED NMM
Moving Least Square Method
In the MLS-based NMM, the core idea is to utilize the moving least squares (MLSs) instead of the shape function of the finite element in the NMM as the function of partition of unity. MLSs will be briefly introduced below. The “node” mentioned in this section is the “mathematical node” of the MLS-based NMM.
In a two-dimensional problem domain (Ω), let the value of discrete nodes of a scalar function (u) be ui = u (ri), i = 1, … ,m, where m is the number of nodes and ri is the coordinate of the ith node. Here, ri = (xi, yi), where xi and yi are the x and y coordinates of the ith node in the coordinate system.
In Ω, the local approximation function of any point (r) constructed by moving least squares is
[image: image]
Here, [image: image] is the undetermined coefficient, [image: image] is the coordinate of the node in the influence domain of [image: image], and [image: image] is an n-dimensional basis vector. In this study, the linear basis is taken as
[image: image]
[image: image] is also called a fixed basis vector. If it is changed to [image: image], it is called the moving basis vector. Theoretically, [image: image] and [image: image] are equivalent. But due to numerical error, when the domain is large or the high order basis function is adopted, the [image: image] may distort the result. For this case, it is recommended to use [image: image] (Wu and Wang, 2021).
The sum of the weighted squares of errors at each discrete node ([image: image]) in the influence domain covering r is
[image: image]
where N is the number of nodes whose influence domain can cover r, and [image: image] is the weight function. In this study, the weight function based on the rectangular influence domain is selected, namely,
[image: image]
Here, [image: image] and [image: image] are the half lengths of the rectangular influence domain in the x direction and y direction, respectively. [image: image] is taken as the cubic spline weight function
[image: image]
where z represents [image: image] or [image: image].
After taking the minimum value of J in Eq. 3, the following equation can be obtained
[image: image]
where
[image: image]
[image: image]
[image: image]
Substituting Eq. 6 into Eq. 1 and making [image: image] of the overall approximation in Ω equal to [image: image] of the local approximation, we get
[image: image]
Then, the MLS is
[image: image]
MLS owns compactness and partition of unity and also has the ability to regenerate the base, namely,
[image: image]
When [image: image], MLS becomes Shepard function, meaning
[image: image]
Cover System of the MLS-Based NMM
Since MLS owns the property of partition of unity, it is natural to choose MLS as the partition of unity function of the NMM. Then, the interpolation of the NMM will be replaced by the shape function of MLS, which can improve the accuracy of interpolation and enhance the adaptability to the problem. The following is a brief introduction to the cover system of the MLS-based NMM.
As shown in Figure 1, mathematical nodes ([image: image], i = 1,2,3, … ,n, n is the total number of mathematical nodes.) are arranged according to the problem domain (Ω) containing a closed crack. It is worth noting that the mathematical nodes can be arranged outside Ω as long as their influence domains intersect Ω. The influence domain of MLS nodes is taken as a square. Taking three times the distance between adjacent mathematical nodes as the edge length of the influence domain, then each mathematical node corresponds to a mathematical patch ([image: image]). All of mathematical patches constitute a mathematical cover [image: image] and satisfy
[image: image]
[image: Figure 1]FIGURE 1 | Mathmatical nodes, background integration mesh, and some mathamatical patches for the cracked body in the MLS-based NMM.
Cutting the mathematical patches through physical boundaries (such as the boundaries of the problem domain and cracks) to generate corresponding physical patches ([image: image]) and physical nodes ([image: image]), the subscript indicates that the ith mathematical patch (or mathematical node) generates the jth physical patch (or physical node); j = 1,2, … ,pi, pi is the number of physical patches generated by [image: image], as shown in Figure 2. All of physical patches constitute a physical cover [image: image] and satisfy
[image: image]
[image: Figure 2]FIGURE 2 | Some typical physical patches and they attach to physical nodes for the cracked body in the MLS-based NMM.
In addition, the crack tips are allowed to stay in the physical patch, as PP3 in Figure 2, which is called the singular physical patch (Williams’s displacement series is defined on it to reflect the singularity and discontinuity near the crack tip). When the mathematical patch is cut completely by the cracks, such as MP4 in Figure 1, two physical patches (PP4-1 and PP4-2) and corresponding physical nodes (PN4-1 and PN4-2) of Figure 2 are generated. Such treatment will allow the MLS-based NMM to naturally simulate the discontinuity of cracks (Zheng et al., 2014).
For convenience, after merging physical patches and physical nodes, they become [image: image] and PNk; k = 1,2, … ,p, where p is the total number of physical patches or physical nodes.
To sum up, the mathematical cover ([image: image]) and physical cover ([image: image]) of the MLS-based NMM are obtained. When the program is implemented, the MLS will be constructed using physical nodes.
Global Approximation Function Space
The global approximate function space of the MLS-based NMM (denoted as [image: image]) is obtained by the weighted sum of partition of unity function for the local function space defined on each physical patch (denoted as [image: image]), namely,
[image: image]
where " [image: image]" means definition, [image: image] is the partition of unity function, and [image: image] is the local approximate function. From Eq. 16, it can be seen that the approximate accuracy of the MLS-based NMM is mainly determined by two aspects—the approximate accuracy of [image: image] and [image: image].
In this study, two types of physical patch are defined. One is the singular physical patch (S-PP) containing the crack tips, and the other is the ordinary physical patch (O-PP) without the crack tips. For example, PP1, PP2, PP4-1, and PP4-2 belong to the ordinary physical patch, and PP3 belongs to the singular physical patch in Figure 2. Different local approximation functions will be defined in different physical patches to achieve a better local approximate accuracy.
On O-PP, only constant order is taken
[image: image]
In order to reflect the singularity of the crack tip, Williams’s displacement series (Williams, 1957) is added on Eq. 17. Then, the local approximation function on S-PP is
[image: image]
Here, nk is the number of crack tips in S-PP. [image: image] is the polar coordinate of the point r, where the pole is the ith crack tip, and the polar axis is along the extension line of the crack. [image: image] is the asymptotic solution of the ith crack tip, namely,
[image: image]
where [image: image] is an 8-dimensional unknown column vector and [image: image] is a 2 × 8 matrix.
[image: image]
Here, [image: image] is a 2 × 2 identity matrix,
[image: image]
Combining Eq. 17 and 18, a unified expression can be obtained
[image: image]
where
[image: image]
[image: image]
Then, from Eq. 16, the global approximate function of the MLS-based NMM is
[image: image]
Substituting Eq. 22 into Eq. 25 to get
[image: image]
where
[image: image]
[image: image]
[image: image]
Here, [image: image] is the degree of the freedom vector of [image: image] (see Eqs 23 and 24), [image: image] is the shape function on the corresponding [image: image] of [image: image], and [image: image] is the matrix of the local approximate basis function on [image: image] (see Eqs 23 and 24).
Background Integration Method
Like the element-free Galerkin method (EFG), the MLS-based NMM also adopts the background integration mesh to implement numerical integration. The background mesh refers to the non-overlapping and non-gap grids in the problem domain. In the MLS-based NMM, the background mesh is only used to compute integrals. Therefore, there is no need to pay too much attention to the mesh quality; its generation is simpler and more flexible than the FEM. Therefore, based on the regular arrangement of mathematical nodes, this study directly generates a basic integration mesh by connecting adjacent mathematical nodes. Afterward, they are cut and subdivided into triangular grids through physical boundaries, and the background integration mesh of the MLS-based NMM is finally obtained, as shown in Figure 1. For each triangle, the Gauss integral scheme of the literature (Yang et al., 2020b) is adopted, and the singular integral is adopted near the crack tip, referring to the literature (Zheng and Xu, 2014).
VARIATIONAL EQUATION OF MOMENTUM CONSERVATION CONSIDERING CONTACT
In this study, the MLS-based NMM inherits the contact processing technology of the NMM (Shi, 1991; Zheng et al., 2019; Yang et al., 2020b), as follows: 1) Search and judgment of the contact pair. All contact pairs of angle–angle, angle–edge, and edge–edge are all transformed into the contact pairs of angle–edge. 2) Using the penalty method to impose contact constraints. 3) Adopting an open-close iteration to solve the contact problem.
The background integration mesh matches the boundary of the problem domain, so the background integration mesh is applied to discretize the contact boundary (as shown in Figure 1) and search the contact pairs. All contact pairs are eventually converted to the contact pairs of angle–edge in the MLS-based NMM (see Figure 3). Next, the contact pairs of angle–edge are analyzed, and the variational equation of momentum conservation considering the contact is established and discretized by the MLS-based NMM.
[image: Figure 3]FIGURE 3 | Force analysis of the contact pair about angle to edge.
Contact Analysis of the Closed Cracked Body
Figure 3 shows a force analysis of the ith contact pair about angle–edge. A vertex (Vi) of the slave block ([image: image]) is in contact with an edge of the master block ([image: image]). The projection of Vi on [image: image] is [image: image]. The unknown contact force acts on the master block as a point load (pi) and reacts on the slave block. pi can be represented by the components of the local coordinate system composed of the inner normal and tangential directions of the contact edge on [image: image], namely,
[image: image]
or
[image: image]
where
[image: image]
[image: image]
Here, ni and τi represent the inner normal and tangential direction vectors of the contact edge, respectively. [image: image] and [image: image] represent the inner normal and tangential components of [image: image], respectively.
When the current time step finishes, the normal relative displacement between Vi and [image: image] is
[image: image]
And, the relative tangential displacement is
[image: image]
where [image: image], [image: image], and [image: image] are the position vectors of Vi at the beginning of the time step, displacement of the current time step, and the position vector of Vi at the end of the time step, respectively. Similarly, [image: image], [image: image], and [image: image] are the position vectors of [image: image] at the beginning of the time step, displacement of the current time step, and the position vector of Vi at the end of the time step, respectively.
The contact relationship must satisfy the normal contact condition as
[image: image]
Here, three formulas are expressed as the non-embedded condition, the normal non-pulling condition, and the complementary condition in sequence. It is worth noting that when the penalty method is applied to impose the contact boundary condition, certain embedding will occur between the contact bodies.
The tangential contact condition using the Mohr–Coulomb friction criterion should be
[image: image]
where μ is the coefficient of friction, and c is cohesion.
The Inheritance Strategy of Extended Freedoms
In the MLS-based NMM, as the crack propagates, the type of physical patch changes accordingly. As shown in Figure 4, PP1 ∼ PP9 (blue nodes) are singular physical patches, PP10∼PP18, PP23, and PP24 are ordinary physical patches, and PP19∼PP22 (each blue box represents two ordinary physical patches) are physical patches generated by crack cutting at time t. However, at time t+Δt after crack propagation, the singular PP1∼PP9 and ordinary PP23 and PP24 at time t will change into the physical patches generated by the new crack (red dotted line) cutting, and the ordinary PP10∼PP18 will change into the new singular physical patches. Therefore, the degrees of freedom on these physical patches will change at the adjacent moments of crack propagation, which will cause the problems of related variables (such as displacement and velocity.) to inherit and transfer. If there is no suitable inheritance strategy, the energy before and after crack propagation will be inconsistent, which seriously affects the accuracy of simulating dynamic crack propagation. This issue has also been studied by Réthoré et al. (2005) and Zheng et al. (2019) et al.
[image: Figure 4]FIGURE 4 | Schematic diagram of the physical patch type changing with crack propagation (The physical nodes are directly used to replace corresponding the physical patches for description in the figure).
When the crack propagates, the configuration of the computational domain changes. In other words, the termination configuration of the current time step is different from the initial configuration of the current time step.
Let Y represent the field variable that changes with time; then, the calculation process from tn to tn+1 is expressed as follows:
[image: image]
where Yn is the value of the field variable at time tn, [image: image] is the value of the field variable at time tn after the configuration updated, and [image: image] is the value of the field variable at time tn+1.
Converting the variable values on the physical patches to the Gaussian integration points, the first transformation of Eq. 38 is accomplished through processing the variable values on the Gaussian integration points. In other words, using the variable values on the Gaussian integration points before crack propagation to calculate the variable values on the newly generated Gaussian integration points by Shepard interpolation. After the first step is completed, the second step is completed according to the idea of first discrete time in discrete space (Zheng et al., 2019). The second step is described in detail below.
Variational Equation of Momentum Conservation and its Discretization
Without considering the damping effect, for linear elastic media, the penalty method is adopted to apply the displacement boundary and contact boundary; then the variational form of the momentum equation is
[image: image]
where ∑ is the strain tensor, [image: image] is Cauchy stress, [image: image] is the displacement vector, [image: image] is the acceleration vector, [image: image] is the body force, [image: image] is the material density, [image: image] is the displacement boundary, [image: image] is the known displacement on [image: image], [image: image] is the force boundary, [image: image] is the known surface force on [image: image], [image: image] is the penalty factor, and [image: image] is
[image: image]
If the ith contact pair is in a bonded state, then
[image: image]
If the contact state is the sliding state, then
[image: image]
Here, [image: image] can be replaced by [image: image], and [image: image] is the tangential contact force of the previous iteration step.
If the contact state is an open state, then
[image: image]
In Eqs 41 and 42, [image: image] and [image: image] are the normal and tangential penalty factors, respectively. [image: image] and [image: image] are shown in Eqs 34 and 35, respectively. In Eq. 39, for displacement boundary, other methods are also considered, such as the construction of tailored local approximate functions for the displacement boundary condition (Zheng et al., 2017) and the Nitsche’s method that the penalty factor can be determined by the maximum eigenvalue of the generalized eigenvalue problem (Liu et al., 2021b).
With the inheritance strategy in Section 3.2 and constant acceleration method of Newmark, Eq. 39 is discreted by Eq. 26, namely,
[image: image]
where
[image: image]
[image: image]
In Eqs 45 and 46,
[image: image]
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And, the initial stress matrix is
[image: image]
In Eq. 48, D is the elastic matrix. In Eqs 46 and 52, [image: image] and [image: image] are expressed as the velocity and stress of the Gaussian point at the nth step.
For [image: image] and [image: image] of the ith contact pair, when the contact state is bonding
[image: image]
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sliding 
[image: image]
[image: image]
and open
[image: image]
After the completion of the open-close iteration, [image: image] can be obtained. [image: image] of the Gaussian point can be obtained by Eq. 26. Then, the displacement [image: image], acceleration [image: image], and velocity [image: image] of the Gaussian point at the beginning of the n+1 step are
[image: image]
[image: image]
[image: image]
Here, [image: image].
AN IMPROVED STRENGTH-BASED CRITERION FOR CRACK PROPAGATION
This section introduces the crack propagation criteria based on the strength criterion, including approximate crack tip stress, crack propagation direction, crack initiation criterion, and crack propagation length. The criterion is inherited and developed from the literature (Zheng et al., 2019; Yang et al., 2020b).
Crack Tip Stress and Crack Propagation Direction
The crack tip stress needs to be determined for the strength criterion. However, the stress at the crack tip is singular in linearly elastic media (Williams, 1957). In other words, the closer it is to the crack tip, the greater the stress is. Theoretically, the crack tip stress is infinite. But the crack tip stress cannot be infinite in practice. So how to calculate the representative crack tip stress is a key issue.
In the NMM, the average stresses on the physical patches near the crack tip are generally calculated by the area weighting method, which is adopted to interpolate the crack tip stress. The interpolation method can apply the shape function of the finite element method or MLS and so on (Ning Y. et al., 2011; An et al., 2014; Yang et al., 2020b). However, the kind of method is actually the approximate method, which cannot explain its rationality and accuracy. A large number of studies (Aliha et al., 2010; Gupta et al., 2015; Xie et al., 2017) show that for quasi-brittle materials, the influence of T-stress on the crack propagation direction should be considered, and there is a characteristic distance rc (Taylor et al., 2004), which is generally taken as
[image: image]
where [image: image] is the fracture toughness, and [image: image] is the tensile strength of material.
In view of this, this study gets a set of stresses at a distance of rc from the crack tip (see Figure 5). The crack tip stress will be determined by analyzing a set of stresses according to the failure criterion. Here, the characteristic distance (see the Eq. 61) is used, so the crack tip stress may be influenced by T-stress.
[image: Figure 5]FIGURE 5 | Schematic diagram of stress distribution on a circle with the crack tip as the center and rc as the radius.
The Mohr–Coulomb criterion and the maximum tensile stress criterion are selected as the failure criterion and determine the direction of crack propagation. Taking the compressive stress as positive, the critical stress of the Mohr–Coulomb criterion is
[image: image]
where [image: image] is the maximum principal stress, [image: image] is the minimum principal stress, c is the cohesive force, and [image: image] is the frictional angle.
And, the maximum tensile stress criterion is
[image: image]
Considering the poor tensile properties of quasi-brittle rock materials, the failure criterion is mainly based on the maximum tensile stress criterion. Then, the steps to determine the crack tip stress are shown as follows.
First, the stresses on the circle whose center is located at the crack tip with the radius of rc are calculated by the Shepard interpolation of the stresses of nearby Gaussian points. Furthermore, the maximum circumferential stress and tangential stress are found from the stresses. Second, according to Eqs 62 and 63, the maximum stresses are determined whether failure will occur. And lastly, if the failures occur on the basis of Eqs 62 and 63, or the failure occurs on the basis of Eq. 62, the stress of this position of the maximum circumferential stress is the crack tip stress. If the failure occurs only on the basis of Eq. 63, the stress of this position of the tangential stress is the crack tip stress.
After the crack tip stress is determined, the crack propagation direction is determined according to the maximum tensile stress criterion or Mohr–Coulomb criterion. If tensile failure occurs according to the crack tip stress, the crack propagation direction is perpendicular to the direction of minimum principal stress ([image: image]) and is an acute angle with the crack direction. If shear failure occurs according to crack tip stress, the crack propagation direction is the small angle of [image: image] with [image: image] (Ning Y. J. et al., 2011; An et al., 2014).
Crack Growth Length
In the literature studies (Ning Y. J. et al., 2011; An et al., 2014) using the strength criterion as the crack growth criterion, the crack growth length is often specified artificially through experience. So the simulative results may be affected by the specified crack growth length. Therefore, this study adopts the method proposed by Zheng et al. (2019), which can directly and automatically calculate the crack propagation length. The method is briefly described as follows.
First, the stresses of any point are calculated in the crack propagation direction. Then, the failure of these points is judged according to Eqs 62 and 63. According to the destructive points, the crack propagation length (L) will be determined. Since the crack tip stress comes from a distance of rc from the crack tip in this study, it is necessary to further correct whether the crack propagates. When L < r¸c, the crack does not propagate. When L ≥ rc, the crack propagates. As shown in Figure 6, when the result is L1, the crack does not propagate, and when the result is L2, the crack propagates.
[image: Figure 6]FIGURE 6 | Judging crack growth based on L and rc.
PROGRAM IMPLEMENTATION

1) Entering geometric and physical parameters.
2) The mathematical nodes and corresponding mathematical patches are arranged regularly to generate the mathematical cover and background integration mesh.
3) Cutting the mathematical patches by the physical boundary to form the physical patches and constituting the physical cover. Processing the background integration mesh to generate the final background integration mesh.
4) Establishing a solution system for the cracked rock using the MLS-based NMM, in which the contact boundary is imposed by the penalty method.
5) Solving the nth time step.
i) Searching the contact pairs of angle–edge and solving the problem by open-close iteration.
ii) Determining whether the crack propagates in accordance with the improved strength-based criterion. If yes, performing the (iii)∼(VI). If not, determining whether the total time step is reached (If not, performing the (n+1)-th time step. If yes, performing the 6.).
iii) According to the improved strength-based criterion, determining the crack propagation direction and length.
IV) Updating the physical cover and background integration mesh.
V) Updating the stresses of integral points, which applies the Shepard interpolation to calculate near the expanding crack.
VI) Determining whether the total time step is reached. If not, performing the (n+1)-th time step. If yes, performing the 6.
6) Post-processing of results.
NUMERICAL EXAMPLES
Several typical examples are simulated to verify the accuracy and ability of the proposed method. The square form of mathematical patches (the influence domain of the MLS node) is selected, and its half-length is 1.6 h, where h is the distance between adjacent mathematical nodes. In addition, the crack growth criterion based on the fracture mechanics criterion is also adopted for comparison [see Li et al. (2018a)], where the crack growth length at each step is set as 1.1 h. The results are also compared with related numerical simulation results (Li et al., 2005; Zheng et al., 2019) and experimental results (Haeri et al., 2014; Haeri et al., 2015). It is worth noting that the penalty method is adopted to impose the displacement boundary condition and contact boundary condition. In this study, we do not discuss the selection of the optimal penalty factor. Thus, we choose 105 × E as the penalty factor for the displacement boundary, where E represents the Elastic modulus. For the contact boundary, the stiffness of the normal contact spring is E, while the stiffness of the normal contact spring is 0.4 × E.
In this study, when the crack grows, the background integration mesh and the physical boundaries are updated automatically by the loop updating technology of the NMM (Zheng et al., 2019; Yang et al., 2020b). Furthermore, the physical cover is updated through the updated physical boundaries cut the mathematical patches.
Brazilian Disc With Pre-crack
The Brazilian disc test is an effective method to determine the tensile strength of the brittle rock. Two cases of a Brazilian disk containing one pre-crack and two pre-cracks are considered in this section. Among them, the diameter of the disc is 100 mm, and the platform of compression is 6.2 mm (that is, the platform forms a central angle of 7.2 at the center of the circle).
The size of the rigid plate is 100 mm in length and 4 mm in width. The material parameters of rock are Elastic modulus E = 10GPa, Poisson’s ratio ν = 0.25, density ρ = 2500 kg/m3, internal friction angle [image: image], cohesion c = 5MPa, tensile strength [image: image] = 0.5 MPa, and fracture toughness KIC = 5 × 104 N/m3/2. The contact surface between the rock and the rigid plate is assumed to be free of friction, cohesion, and tensile strength. Considering the time approximation accuracy, the time step is taken as Δt = 0.001 s.
(a) A Brazilian disk with a crack
Figure 7A shows a schematic diagram of a Brazilian disc with a crack, where the length of the crack is 30 mm. Figure 7B shows the discrete model with 584 mathematical nodes. The load is applied through rigid plates at both ends of the disk with an average loading speed of 1.0 × 10−6 m/step.
[image: Figure 7]FIGURE 7 | Brazilian disk with a crack (A) Geometry and loading conditions (B) Discrete model (taking θ = 45° as an example).
Figure 8 shows the crack propagation paths with crack inclination angles of 30°, 45°, and 60°, including the simulation results of the proposed method (the MLS-based NMM based on the improved strength-based criterion), the MLS-based NMM based on the fracture mechanics criterion, the NMM from the literature (Zheng et al., 2019), DDA from the literature (Ning Y. et al., 2011), and the experiment from the literature (Haeri et al., 2014).
[image: Figure 8]FIGURE 8 | Crack propagation path of a Brazilian disk with a crack under compression. (A–C) The proposed method, (D–F) MLS-based NMM based on the fracture mechanics criterion, (G–I) Experimental result (Haeri et al., 2014) (J) the NMM (Zheng et al., 2019), and (K) DDA (Ning Y. et al., 2011).
It can be seen from the results in Figure 8 that the dynamic crack propagation path based on the improved strength-based criterion and fracture mechanics criterion using the MLS-based NMM is basically consistent with the reference results and experimental results. But the results based on the improved strength-based criterion are smoother than those based on the fracture mechanics criterion. It should be noted that the crack propagation length based on the improved strength-based criterion is automatically generated at each step, while the crack propagation length based on the fracture mechanics criterion is fixed as 1.1h.
(b) A Brazilian disk with parallel multiple cracks
Figure 9A shows a Brazilian disk with parallel multiple cracks with θ = 45°, all of cracks are 20 mm in length. The distance between the centers of the two cracks is s = 20 mm. The discrete model with 1,132 mathematical nodes is shown in Figure 9B. The load is applied through rigid plates at both ends of the disk with an average loading speed of 1.0 × 10−7 m/step.
[image: Figure 9]FIGURE 9 | Brazilian disk with parallel multiple cracks (A) Geometry and loading conditions (B) Discrete model.
The simulation results of the proposed method are shown in Figures 10A,B and compared with the experimental results in the literature (Haeri et al., 2015). Although there are slight differences, the authors think that the results of the proposed method are reasonable. Because the example is a symmetric structure and enforced by the symmetric load, the crack should propagate symmetrically. Furthermore, the results of the proposed method also show the symmetry of crack propagation. The results suggest that the damage is caused by the penetration and intersection of cracks.
[image: Figure 10]FIGURE 10 | Crack propagation path of a Brazilian disk with parallel multiple cracks under compression. (A) The result of parallel double cracks using the proposed method, (B) The result of three parallel cracks using the proposed method, and (C,D) Experimental result (Haeri et al., 2015).
Rectangular Plate With Pre-crack
Figure 11A shows a rectangular plate with an oblique crack in the middle. The top and bottom of the plate are subjected to compressive loads. The size of the plate is 62 mm in width and 110 mm in height. The initial crack length is 20mm, and the angle between the crack and the horizontal direction is θ. The load is applied through rigid plates at both ends of the disk with an average loading speed of 1.0 × 10−6 m/step. The size of rigid plates is 62 mm in width and 5 mm in height. The material parameters of rock are Elastic modulus E = 10 GPa, Poisson’s ratio ν = 0.25, density ρ = 2500 kg/m3, internal friction angle [image: image], cohesion c = 5MPa, tensile strength [image: image] = 0.5 MPa, and fracture toughness KIC = 5 × 104 N/m3/2. The contact surface between the rock and the rigid plate is assumed to be free of friction, cohesion, and tensile strength. Considering the time approximation accuracy, the time step is taken as Δt = 0.001s. The discrete model with 312 mathematical nodes is shown in Figure 11B.
[image: Figure 11]FIGURE 11 | Rectangular plate with a crack (A) Geometry and loading conditions (B) Discrete model (taking θ = 30° as an example).
Figure 12 shows the crack propagation paths at crack angles θ = 30°, 45°, and 60°, respectively. Likewise, the simulation results of the MLS-based NMM based on the fracture mechanics criterion are also presented for comparison. In Figures 12G,H, the simulation results using the NMM (Zheng et al., 2019) and RFPA (Li et al., 2005) are also given.
[image: Figure 12]FIGURE 12 | Crack propagation path of a rectangular plate with a crack under compression. (A–C) The proposed method, (D–F) MLS-based NMM based on the fracture mechanics criterion, (G) NMM (Zheng et al., 2019), and (F) RFPA (Li et al., 2005)
From the results, the proposed method can simulate the crack propagation well, which is similar to the results in the literature. The simulation results of the MLS-based NMM based on the fracture mechanics criterion also show the phenomenon of “Zig-zag” like the Brazilian disk experiment in Section 6.1, but the overall trend of crack growth is consistent with other methods. This means that the cracks will expand towards the place of the load and gradually tend to be parallel to the direction of the load. The phenomenon of oscillation may be caused by the inaccurate calculation of the dynamic stress intensity factor after considering the contact or the inaccurate crack propagation length at each step.
A Slope With a Single Inclined Crack
A homogeneous slope with a single inclined crack is shown in Figure 13A from the literature (Yang et al., 2020b). Figure 13A gives the geometry and boundary conditions of the slope, and only the gravity load is imposed to the slope body. In order to make the slope be more easily damaged, the overload method is adopted. In the simulation process, the gravity load is 10 times greater than the actual value of gravity. The actual material parameters of this example are Elastic modulus E = 35 GPa, Poisson’s ratio ν = 0.15, density ρ = 3200 kg/m3, internal friction angle [image: image], cohesion c = 5 MPa, tensile strength [image: image] = 5 MPa, and fracture toughness KIC = 0.5 × 106 N/m3/2. The frictional coefficient of the crack surface is ϕ = 10°. The discretized model with 744 mathematical nodes is shown in Figure 13B. The time step is taken as Δt = 0.001 s. Figure 14 shows the final crack propagation path of a slope with a single inclined crack. Moreover, all processes of crack propagation in line with the improved strength-based criterion is found that the slope is caused by a tensile crack, which is consistent with the rock slope engineering.
[image: Figure 13]FIGURE 13 | Slope with a single inclined crack (A) Geometry and boundary conditions (B) Discrete model.
[image: Figure 14]FIGURE 14 | Crack propagation path of a slope with a single inclined crack.
CONCLUSION
In this study, the MLS-based numerical manifold method is extended to model the crack propagation of the cracked rock considering the contact of the crack surface. The inheritance strategy of the degree of freedom during crack propagation and the variational equation of momentum conservation considering contact are established for the MLS-based NMM. Using the penalty method to impose contact constraints and adopting open-close iteration to solve the contact problem are all presented. Simultaneously, in order to simulate the progressive failure of the cracked rock, an improved strength-based criterion is proposed. Several typical examples are simulated. Some conclusions are drawn as follows:
1) The MLS-based NMM considering the contact of the crack surface allows the crack tip to stay in any position and can simulate the complex contact boundary.
2) The improved strength-based criterion incorporated into the MLS-based NMM can automatically compute the approximate crack tip stress, crack propagation direction, crack initiation criterion, and crack propagation length.
3) The results of typical examples indicate that the proposed method can deal with the crack propagation in a rock and the opening/sliding of rock blocks along discontinuities in a natural way.
In practice, the rock mass contains complex cracks and is in 3- dimensional space. So, the proposed method warrants further investigation in the future.
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The extended Finite Element Method (XFEM) is derived from the traditional finite element method for discontinuous problems. It can simulate the behavior of cracks, which significantly improves the ability of finite element methods to simulate geotechnical and geological disaster problems. The integration of discontinuous enrichment functions in weak form and the ill-conditioning of the system equations are two major challenges in employing the XFEM in engineering applications. A mixed integration scheme is proposed in this paper to solve these problems. This integration scheme has a simple form and exhibits both the accuracy of the subcell integration method and the well-conditioning of a smeared integration method. The correctness and effectiveness of the proposed scheme were verified through a series of element analyses and two typical examples. For XFEM numerical simulations with unstructured meshes and arbitrary cracks/interfaces, this method guarantees the convergence of nonlinear iterations and yields correct results.
Keywords: mixed integration, XFEM, smeared integration, convergence, nonlinear iteration, ill-conditioning
INTRODUCTION
The extended Finite Element Method (XFEM) is an excellent numerical method that can visually simulate discontinuous cracks/interfaces and their evolution without mesh regeneration. By introducing enrichment functions with special local properties into the partition of unit method (PUM) framework, this method can enable construction of discontinuous fields within local elements (Belytschko and Black, 1999; Moës et al., 1999; Belytschko et al., 2001). As it offers several advantages, XFEM has been applied to failure problems in many different fields, including geotechnical and geological engineering (Abdelaziz and Hamounie, 2008; Belytschko et al., 2009; Fries and Belytschko, 2010; Gracie and Graig, 2010; Salimzadeh and Khalili, 2015; Matthew and Caglar, 2016; Li et al., 2018; Wang et al., 2018; Cruz et al., 2019). It can be predicted that XFEM will play a more important role in the modeling, assessing, and preventing of geotechnical and geological disasters. However, the wider application of XFEM is limited by several drawbacks. One of these drawbacks is that with the introduction of discontinuous functions, standard Gaussian integration cannot be applied directly to XFEM-enriched elements, and splitting of elements into subcells is often necessary. XFEM converts the complexity of mesh regeneration into the complexity of the discontinuous function integration within the element (Chin et al., 2017). Another drawback is that due to the same interpolation basis functions used, the enriched degrees of freedom (DOFs) of a node may become almost linearly dependent on the regular DOFs of the node, leading to ill-conditioned system equations. The nearly linear dependency and ill-conditioning are especially apparent for discontinuous enrichment functions when the interface approaches an element node and crack tip singular enrichment functions at a certain distance from the singular point (Sukumar et al., 2015; Ventura and Tessei, 2016; Agathos et al., 2019).
Generally, integrating the weak form within an element with discontinuous interfaces requires element splitting. This approach has strong adaptability and has been widely used in previous studies (Moës et al., 1999; Belytschko et al., 2001; Belytschko et al., 2009; Fries and Belytschko, 2010; Li et al., 2018). However, implementation of the element-splitting algorithm is complicated and not uniform. Additionally, it presents challenges concerning the integration point mapping in nonlinear constitutive models. Studies have been devoted to the integration of non-polynomial enrichment functions (discontinuous functions or singular functions) without element splitting. The representative methods include the equivalent polynomial integration method (Ventura 2006; Ventura and Benvenuti, 2015), the arbitrary polygon integration method (Natarajan et al., 2009; Natarajan et al., 2010), the arbitrary domain integration method (Joulaian et al., 2016), and the Legendre polynomial equivalent integration method (Abedian and Düster, 2019), et al. At present, these methods are usually limited to two-dimensional (2-D) conditions; three-dimensional (3-D) implementations remain a challenge. In addition, these methods cannot address curved or kinked cracks/interfaces within an element. Song et al. (2006) used a partition ratio-weighted single-point reduced integration to integrate the weak form of quadrilateral elements with discontinuous enrichment functions, thereby avoiding element splitting and historical variable mapping. However, single-point reduced integration is equivalent to assuming that the element is constantly strained, which results in poor solution accuracy (Wang et al., 2021).
For unstructured meshes and arbitrary non-planar cracks/interfaces, cases with cracks/interfaces close to element nodes are inevitable, which lead to ill-conditioned system equations. Previous approaches for solving this problem include directly removing the enrichment of nodes whose enrichment functions have only small supports in the cut element (Daux et al., 2000; Bordas et al., 2007), and adjusting the node coordinates such that the partition ratio is not unreasonably small (Choi et al., 2012). However, the former approach introduces interpolation errors, while the latter is not a generalizable method, especially for 3-D problems. Reusken (2008) proposed a method to impose constraints on the enriched DOFs with a small partition ratio, limiting its value to zero; this is essentially the same as removing the enrichment. Ventura and Tesei (2016) proposed a stabilized method that imposes constraints on the enriched DOFs through a penalty method, reducing the additional error caused by the constraints. Other studies have adopted the approach of preconditioning the ill-conditioned system equations to improve convergence. For example, Sauerland and Fries (2013) studied the Jacobi preconditioner, and Béchet et al. (2005) developed a preconditioner based on Cholesky decomposition. However, this approach becomes cumbersome for nonlinear problems and crack evolution problems because the Jacobian matrix must be re-preconditioned after each update, which significantly increases the amount of calculation.
Based on the research of Song et al. (2006), the partition ratio-weighted integration method was improved in this study and is referred to as “smeared” integration method. It was observed that this method could significantly alleviate the ill-conditioning caused by the nearly linear dependence of DOFs enriched by the discontinuous functions. Furthermore, this method (for the integration of the Jacobian matrix) was combined with the subcell (element splitting) integration method (for the integration of residuals) to produce a mixed integration scheme, which not only resulted in well-conditioned system equations but also ensured a high solution accuracy.
The remainder of this paper is structured as follows: Firstly, the XFEM formulation is sketched out, and the weak form of the equilibrium equation is presented, including the interface contact relationship and the integral form of the Jacobian matrix. Secondly, the smeared integration method is presented, and its performance is demonstrated through a series of element analyses. Then, the mixed integration scheme is proposed and verification is made in the next section through two benchmark examples. Finally, the main conclusions of this study are summarized in the last section of this paper.
XFEM FORMULATION
Strong and Weak Form of Boundary Value Problem
A quasi-static boundary value problem with internal interfaces was assumed, as shown in Figure 1. In the solution domain [image: image], there exists a strong discontinuous interface [image: image], the two sides of which are denoted as [image: image] and [image: image]; the corresponding normal vectors are [image: image] and [image: image], respectively. [image: image] is the body force in the domain; [image: image] is the force boundary, and [image: image] is the displacement boundary.
[image: Figure 1]FIGURE 1 | Diagram of boundary value problem with crack.
The force equilibrium conditions must be satisfied in the continuum, and the corresponding Dirichlet or Neumann boundary conditions must be satisfied at the boundaries. Thus, the governing equations of the boundary value problem are
[image: image]
[image: image]
[image: image]
Contact forces [image: image] and [image: image] are defined on the internal interfaces [image: image] and [image: image], respectively. They satisfy the equilibrium condition and can be expressed as a unified variable:
[image: image]
[image: image] and [image: image] correspond to the displacement vectors on the two sides of the internal interface; the relative displacement on the interface is defined as
[image: image]
The kinematics admissible (trial) space and the weighting (test) space of the displacement are defined as
[image: image]
[image: image]
For [image: image] and any [image: image], the equivalent integral weak form of the governing equations can be expressed as
[image: image]
where [image: image], [image: image], and [image: image] are the work of the internal force, external force, and interface contact force, respectively, and are expressed as
[image: image]
where [image: image] is the symmetric gradient operator.
According to the definitions of t (Eq. 2) and w (Eq. 3), the expression of [image: image] in Eq. 7 can be simplified as
[image: image]
The constitutive relationship of the continuum is expressed as
[image: image]
where D is the constitutive tensor. The traction-displacement relationship of the interface can also be expressed in a constitutive form as
[image: image]
where [image: image] is the interface constitutive tensor, implemented by imposing constraints on the interface in practice; Q is the transfer matrix from local coordinates to global coordinates.
Discretization and Jacobian Matrix
For simplicity, only a case with elements completely separated by the interface was considered, and only the Heaviside enrichment function was used in this study. Nevertheless, the conclusions of this study also hold for a case that the end of the interface stays inside the element, for which treatments have been provided by Zi and Belytschko (2003), Kumar and Bhardwaj (2018).
The displacement approximation in a shifted form is expressed as
[image: image]
where the first summation term represents the standard FE approximation, and the second summation term represents the XFEM-enriched discontinuous approximation; I is the set of all nodes in the discrete domain; I*∈I is the set of enriched nodes; [image: image] is the regular finite element basis function of node i; [image: image] and [image: image] are the regular DOF vector and the enriched DOF vector of node i, respectively; and [image: image] is the Heaviside enrichment function, which is expressed as
[image: image]
where [image: image] is a signed distance function depending on the definition of the positive normal of the discontinuous interface, as shown in Figure 1.
Considering the variation in the discrete approximation of the displacement field given by Eq. 11, the testing field can be obtained:
[image: image]
According to the definition of the interface relative displacement w given by Eq. 3, the continuous term of the displacement field has no contribution to w; instead, w is determined by the discontinuous term, as follows:
[image: image]
Its variational form is expressed as
[image: image]
By substituting the testing fields expressed in Eqs 13, 15 into the equivalent integral weak form of Eq. 6, and considering the arbitrary nature of these fields, the following discrete form of the equilibrium equations can be obtained:
[image: image]
[image: image]
where [image: image] and [image: image] are the nodal internal force vector and nodal external force vector, respectively, corresponding to the regular DOFs; [image: image] and [image: image] are the nodal internal force vector and nodal external force vector, respectively, corresponding to the enriched DOFs; and [image: image] is the nodal interface contact force vector. All these vectors are integrated from the nodal force vectors of related elements, and their specific expressions are presented in Eq. 17:
[image: image]
where B is the discrete strain–displacement operator, and H and HI are the matrix forms of the Heaviside function and its nodal values, respectively.
Taking the derivative of Eq. 16 with respect to the displacement fields and considering Eq. 17, the Jacobian (stiffness) matrix of the finite element discretization equations can be obtained as
[image: image]
where
[image: image]
[image: image]
[image: image]
[image: image]
When the same basis function is used, the Jacobian matrix expressed as Eq. 18 may have a large condition number, especially when the interface is close to the enriched nodes. Thus, the enriched DOFs and the standard DOFs are almost linearly dependent, and the matrix tends to be severely ill-conditioned.
SMEARED INTEGRATION METHOD AND MIXED INTEGRATION SCHEME
Smeared Integration Method
Based on Eqs 12, 19 and considering H2 = H, the numerical integration of the discontinuous part (multiplied with the Heaviside function) for each term in the stiffness matrix can be generalized in the following form:
[image: image]
where [image: image] is an arbitrary polynomial function. Evidently, the discontinuity in the integrand arises from the discontinuity in [image: image].
As shown in Figure 2, a directional interface cut the element into two subdomains [image: image] and [image: image], denoting the positive and negative parts of the signed distance function, respectively. The integration of the discontinuous function over the entire element is converted to a summation of continuous function integrations over the two subdomains [[image: image] is constant on each side]:
[image: image]
Noted that [image: image] equals to unit on [image: image] and vanishes on [image: image], Eq. 20 can be simplified as
[image: image]
[image: Figure 2]FIGURE 2 | Diagram of integration of element cut by a discontinuous interface (with a 2-D quadrilateral element as an example). (A) Integration method proposed by Song et al. (2006). (B) Smeared integration method.
As the subdomains can be arbitrary polygons, the calculation of Eq. 22 often requires further division of the subdomains into triangular subcells, as illustrated in Figure 3, which brings much burden for calculation.
[image: Figure 3]FIGURE 3 | Diagram of subcell integration of element cut by discontinuous interface (with a 2-D quadrilateral element as an example).
To avoid element decomposition, Song et al. (2006) integrated Eq. 20 over the entire element domain via single-point reduced integration with hourglass control. Their starting point was the assumption that all elements are constant-strain elements [p(x) = C]; thus, the integration over the subdomain could be replaced with integration over the entire element domain with a coefficient representing the subdomain contribution:
[image: image]
where R is the partition ratio of the element cut by the interface and is defined as
[image: image]
Clearly, R is related to the location and configuration of the interface; thus, it can reflect the distribution characteristics of the discontinuous function defined on the element to some extent. The rightmost integral in Eq. 23 is performed over the entire element domain; thus, standard Gaussian integration can be performed directly. However, the assumption of constant-strain elements reduces the integration accuracy and prevents an accurate reflection of the constitutive behaviors of nonlinear materials.
Based on the method of Song et al. (2006), single-point reduced integration was replaced with quadratic Gaussian integration in this study, as shown in Figure 2B. This alteration obviated the constant-strain assumption and the need for hourglass control. The integral domain remained unchanged, and the influence of [image: image] was reflected approximately by R:
[image: image]
This integration method is simple and can be easily implemented. The integration points remain consistent before and after the discontinuity interface is introduced; thus, no historical variable mapping is required. However, this method ignores the shape information of the real integration domain and introduces information from the integrand function outside the domain. This approach is similar to a smearing/homogenizing operation; it can be referred to as “smeared” integration and is expressed as
[image: image]
Although this method suffers from certain approximation errors, it offers several advantages: (i) Compared with subcell integration, the smeared integration method avoids element splitting and significantly reduces the number of required integration points. (ii) In each element, the Gaussian integration of [image: image] needs to be performed only once. Only [image: image] in Eq. 19 must be integrated; while the integration of [image: image] and [image: image] can be achieved by multiplying [image: image] with corresponding coefficients related to the partition ratio R, which further reduces the calculation complexity. The detailed relations between these matrixes are derived in the Supplementary Appendix. (iii) The stiffness matrix conditions are improved, and the nonlinear iteration stability is enhanced. These features are demonstrated in detail in the following sections.
Error Analysis of Smeared Integration
If the continuous integrand [image: image] is a constant, the smeared integration is accurate, as expressed in Eq. 23. If [image: image] is a linear or higher-order polynomial, the smeared integration has a certain approximation error that is, directly related to the order of [image: image] and the location of the discontinuous interface relative to the element (represented by the partition ratio R).
Defining the approximation error of the smeared integration (Eq. 25) by comparing with the exact discontinuous function integration (Eq. 21):
[image: image]
For low-order continuous integrand [image: image], there exists a point [image: image] in the domain [image: image], satisfying:
[image: image]
Similarly, there exists a point [image: image] in the domain [image: image], satisfying:
[image: image]
Where SA and SB are the areas of [image: image] and [image: image], respectively.
Noted that, SA = R∗S, SB = (1-R)*S, where S is the area of the intact element [image: image], Eq. 27 can be rewritten as:
[image: image]
Several conclusions can be drawn from this expression:
(i) For a fixed partition ratio R, a higher order of [image: image] produces a greater difference between [image: image] and [image: image], thus greater approximation error in the smeared integration. Order of [image: image] decides the upper bound of the error. For the bilinear/trilinear elements used in this study, the errors were limited and were influenced more strongly by the location of the interface.
(ii) R behaves as a scale factor of the error. When [image: image] or [image: image], the error approaches zero with the same order with R or 1-R. Actually, these two conditions are equivalent as they are interconvertible by changing the definition of the interface direction in Figure 2.
(iii) When [image: image], the smeared integration has a relatively large error because the shape information of the real integration domain is ignored. For the three cases illustrated in Figure 4, the same stiffness matrix is calculated from the smeared integration; thus, smeared integration is not recommended in this condition.
[image: Figure 4]FIGURE 4 | Diagram of case where “smeared integration” method is not recommended.
Influence of Smeared Integration on Element Stiffness Condition
To understand the effects of partition ratio R and the configuration of the discontinuous interface on the efficacy of smeared integration, element tests for four typical cases, as shown in Figure 51, were performed. The element stiffness matrices were calculated via subcell integration and smeared integration. The square element has a side length of a = 1 and an elastic modulus of E = 1.0. Only four integration points are required for each cracked element by the smeared integration while the subcell integration involved the third-order Hammer integration with four integration points in each triangle subcell.
[image: Figure 5]FIGURE 5 | Diagram of typical partition patterns of discontinuous interface: (A) Interface cuts adjacent sides of element, cutting angle fixed at 45°; (B) Interface cuts adjacent sides of element, intersecting with one element side fixed at midpoint; (C) Interface cuts two opposite sides of element, with distance between one intersection point and one element node fixed at 0.01% of element side length; (D) Interface is parallel to one side of element.
Interface contact was fixed in a bonded state, and the penalty method was employed to impose a spring-like constraint on the interface. The penalty parameter k was assigned a value ten times of the elastic modulus. The integration of tractions on the interface was unified as two-point Gaussian integration. On each element node, there were two regular DOFs and two enriched DOFs. The element stiffness matrix was formed into a 16 × 16 square matrix. Three rigid-body displacement DOFs need to be removed when calculating the condition number.
The contents of Table 12 and Figure 6 correspond to the partition patterns shown in Figure 5 and present the condition numbers of the element stiffness matrix obtained via smeared integration and subcell integration, respectively. With the same partition pattern, the condition numbers of the stiffness matrix obtained through smeared integration were smaller than those obtained through subcell integration. For partition pattern (A), smeared integration produced the most significant reduction in the condition number; when R was relatively small, the difference reached several orders of magnitude. In double logarithmic coordinates, the condition number of the stiffness matrix exhibited a nearly linear relationship with R. The smeared integration exhibited a slope of approximately −1.1, compared with −1.9 for the subcell integration. This result is consistent with the analysis in the last section; when R is relatively small, smeared integration replaces the small quantities with larger ones, thus alleviates the ill-conditioning of the element stiffness matrix. For partition patterns (B), (C), and (D), the effect of smeared integration was successively weakened. The stiffness matrix of this bilinearly interpolated square element was integrated in the space of span (x, y, x2, y2, xy); partition patterns (B), (C), and (D) reduced the order of the integrand function. In partition pattern (D), the variable x was fixed and exhibited no dependency on R; partition patterns (B) and (C) represent the intermediate transition states.
TABLE 1 | Condition numbers of element stiffness matrix corresponding to four partition patterns obtained using two integration methods.
[image: Table 1][image: Figure 6]FIGURE 6 | Relationship curves of condition number with regard to partition ratio corresponding to four partition patterns (see Figure 5) obtained using two integration methods.
Analysis of Coupling With Interface Contact
For frictional contact problems with interface constraints imposed using the penalty method, the accuracy and stability depend on the penalty parameter k. In this study, a penalty coefficient α was used to define the penalty parameter:
[image: image]
For the case shown in Figure 5A, some interesting phenomena are observed when studying the condition number with different penalty parameters. Here, three rigid-body DOFs must be removed from the enriched DOFs to ensure that the analyzed stiffness matrix is non-singular in the absence of interface constraints.
The influence of interface constraints imposed by the penalty method on element stiffness matrix includes two aspects: 1) The interface constraints restrict relative movements between the two sides of the interface, hence improving the stiffness matrix’s condition. 2) The condition number of the stiffness matrix may increase significantly with a large penalty parameter involved (usually much larger than other parameters in the stiffness matrix).
Table 2; Figure 7 present comparisons of the stiffness matrix condition numbers obtained using smeared and subcell integration with different penalty coefficients and partition ratios. The penalty coefficient α = 0 indicates that no penalty constraint has been imposed. It is observed that as R approached 0, the condition number increased in all cases in a nearly linear manner; however, the condition number corresponding to smeared integration was much smaller than that corresponding to subcell integration, and the increasing slope was much smaller. For subcell integration, the condition number showed almost no change after an interface constraint with a penalty coefficient α = 10 was imposed; the condition number increased significantly with further increase in α, indicating that aspect 2) in the pre-analysis played a dominant role. However, for smeared integration, after an interface constraint with a penalty coefficient α = 10 was imposed, the condition number exhibited a slight decrease; only marginal increase was observed with further increase in α. This indicates that aspect 1) in the pre-analysis played a dominant role. With the coupling of interface contact and internal stiffness, the smeared integration method exhibits a coupling effect that can maintain the stability of the overall condition number, thereby improving the solution stability and the convergence of nonlinear iterations.
TABLE 2 | Condition numbers obtained using two integration methods with different penalty coefficients and partition ratios.
[image: Table 2][image: Figure 7]FIGURE 7 | Condition numbers obtained using two integration methods with different penalty coefficients and partition ratios. (A) Subcell integration; (B) Smeared integration.
MIXED INTEGRATION SCHEME FOR XFEM
When using Newton’s method to solve nonlinear problems, the Jacobian matrix must be updated in each iteration step; the condition number of the Jacobian matrix can significantly affect the stability and convergence of the nonlinear iterations. The iterations can hardly converge with an ill-conditioned Jacobian matrix (Fries and Belytschko, 2010; Belytschko et al., 2014). In practice, an approximate but well-conditioned Jacobian matrix could be better than an accurate but ill-conditioned Jacobian matrix for iteration stability. An approximate Jacobian matrix is commonly employed for problems with an asymmetric Jacobian matrix, such as non-associated elastoplastic constitutive and frictional contact (Chen and Cheng, 2011).
Based on the element analysis of smeared integration presented in the previous section, a mixed integration scheme for XFEM was proposed. A critical partition ratio R* was set, and the stiffness of the element cut by the interface was integrated with respect to the element partition ratio R, as shown in Figure 8. When R was less than R* or greater than 1-R* (the situations in which ill-conditioning occurs), smeared integration was used to improve the stiffness condition; when R was in the middle range, subcell integration was used to obtain a higher integration accuracy. For all residual integrations, subcell integration was used to obtain accurate residuals and ensure accurate results. Based on previous element analyses and the example analyses in next section, the value of R* should be set in the range of 0.05–0.2 to achieve a suitable balance between convergence rate and convergence stability. The partition ratio R, along with the areas or volumes of the subcells and other crack information for a cracked element, are computed in the crack processing procedure once the element reaches the cracking criteria, and are stored for reutilization thereafter. For fixed interface problems mainly discussed in this paper, this information is computed and stored as initial information at the very beginning of the solution.
[image: Figure 8]FIGURE 8 | Flow chart of mixed integration scheme.
EXAMPLE VERIFICATION
Two typical benchmark examples were used to verify the robustness and practicability of the mixed integration scheme. The global Newton iteration method was used, with [image: image] as the convergence indicator for the iteration process, where [image: image] is the initial residual force vector, and r is the residual force vector of the current iteration step, and [image: image] is the L2 norm of vectors. The iteration termination conditions were set as
[image: image]
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where Niter is the total number of iterations. Condition (Eq. 32-1) indicates that the Newton iteration converges to the given minimum error limit; condition (Eq. 32-2) indicates that after reaching the maximum allowed iteration number, the Newton iteration has not converged to the minimum error limit; condition (Eq. 32-3) indicates that the iteration is divergent.
Frictional Contact Block With Inclined Interface
This example was designed by Dolbow et al. (2001); the model is shown in Figure 9A. It is a square with an inclined interface that passes through the center of the square, separating it into upper and lower parts connected by the interface contact. A displacement load of 0.1 m is applied to the top of the square; the vertical displacement of the bottom is constrained, but is free to move horizontally. The horizontal displacement of the upper right corner of the block is constrained to prevent possible slippage of the entire upper block. The inclination angle of the interface is set at θ = tan−1(0.2). The square has an elastic modulus of E = 1,000 MPa, a Poisson’s ratio of ν = 0.3, and an interface friction coefficient of μ = 0.19. The penalty coefficient is set as α = 10,000.
[image: Figure 9]FIGURE 9 | Illustration of typical benchmark example. (A) Example model; (B) Regular mesh model; (C) Irregular mesh model.
This example considers a regular mesh and an irregular mesh, as shown in Figures 9B,C, respectively. The regular mesh consists of 40 × 40 square elements. To prevent the interface from passing exactly through the element nodes, the interface is shifted upward by 0.01 m. The irregular mesh consists of 1857 arbitrary quadrilateral elements.
The partition ratio distributions of all cut elements were plotted for both sets of meshes, arranged from small to large, as shown in Figure 10. In both meshes, there were several cut elements with an R value tending to extreme conditions (R < 0.1 and R > 0.9), indicating poor conditions of the Jacobian matrix.
[image: Figure 10]FIGURE 10 | Partition ratio distributions of cut elements in two sets of meshes. (A) Regular mesh; (B) Irregular mesh.
The condition numbers of the overall Jacobian matrix for different penalty parameters when using the mixed integration scheme and the total subcell integration scheme are presented in Table 3. For the mixed integration scheme, the critical partition ratio R* is set as 0.1. The mixed integration scheme significantly reduced the condition number in both meshes; the reductions in the regular and irregular meshes were greater than one order and two orders of magnitude, respectively.
TABLE 3 | Condition numbers of Jacobian matrix with different penalty parameters.
[image: Table 3]A negligible difference was present between the calculation results of the mixed integration scheme and the total subcell integration scheme. A comparison of the calculation results for the regular and irregular meshes also showed a negligible difference. Thus, Figure 11 shows only the displacement contours of the irregular mesh calculated using the mixed integration scheme.
[image: Figure 11]FIGURE 11 | Displacement results calculated using mixed scheme with irregular mesh (the displacement is scaled by a factor of 2, Units: m). (A) horizontal displacement; (B) vertical displacement.
The convergence profiles of the two sets of meshes when using the mixed and total subcell integration schemes are shown in Figure 12. For the regular mesh, the total subcell scheme required 14 iteration steps, whereas the mixed scheme required 36 iteration steps to converge to the minimum error limit. This indicates that owing to its approximate Jacobian matrix, the mixed scheme could not reach the optimal Newton convergence rate but can still guarantee convergence. For the irregular mesh, the total subcell scheme could not converge within the Newton iterations, due to the ill-conditioned Jacobian matrix. However, the mixed scheme converged to the minimum error limit after 148 iterations; thus, this scheme can reduce the Jacobian matrix condition number and improve convergence.
[image: Figure 12]FIGURE 12 | Convergence profiles using mixed scheme and total subcell scheme. (A) Regular mesh; (B) Irregular mesh.
3-D Beam Under Uniaxial Tensile Loading
Martin et al. (2015) analyzed a layered 3-D beam under uniaxial tensile loading using XFEM. The beam dimensions and boundary conditions are shown in Figure 13. An interface parallel to the xoy plane divided the beam into upper and lower layers; the tensile stresses applied to the right end of the upper and lower layers were Tup = 300 MPa and Tlow = 100 MPa, respectively. The material was an elastoplastic body with linear strain hardening behavior, an elastic modulus of E0 = 195 GPa, a Poisson’s ratio of ν = 0, a plastic yield strength of [image: image] = 180 MPa, and a strain-hardening modulus (the tangent modulus of the plastic zone) of Ep = 1.95 GPa. This setting resulted in obvious deformation and stress discontinuity in the element cut by the interface. The material above the interface entered the plastic deformation stage, while that below the interface remained elastic. No friction acted on the interface (i.e., the friction coefficient was μ = 0). The normal constraints (non-penetration condition) were imposed using the penalty method, and the penalty coefficient was set as α = 10,000.
[image: Figure 13]FIGURE 13 | Setup of 3-D beam problem. (A) xoy plane; (B) yoz plane.
Firstly, a structured hexahedral mesh consisting of 20 × 5 × 3 = 300 elements was used. The splitting of the hexahedral element into tetrahedrons for subcell integration was performed based on the method used by Martin et al. (2015).
The partition ratio of the elements cut by the interface are related with the interface location. For the structured hexahedral mesh, the interface was parallel to one face of the element, and the partition patterns for all elements cut by the interface were the same. The cases with R = 0.5, 0.1, and 0.01, i.e., the interface was located in the middle, upper 90%, and upper 99% of the element, respectively, were analyzed. The critical partition ratio R* of the mixed integration scheme was set as 0.5. Therefore, the element stiffness of the cut elements in all cases was calculated using the smeared integration method.
Figure 14 shows the calculation results for displacement and stress using the mixed integration scheme, which were consistent with the theoretical solution; the residual errors were less than E-10.
[image: Figure 14]FIGURE 14 | Displacement and stress results for structured mesh. (A) x-direction displacement of R = 0.5 (Unit: m); (B) x-direction stress of R = 0.5 (Unit: MPa); (C) x-direction displacement of R = 0.1 (Unit: m); (D) x-direction stress of R = 0.1 (Unit: MPa); (E) x-direction displacement of R = 0.01 (Unit: m); (F) x-direction stress of R = 0.01 (Unit: MPa).
Table 4 presents the condition numbers of the Jacobian matrix with different partition ratios, as obtained using the two integration schemes, when the upper structure entered the plastic stage. At this point, the stiffness difference between the structures above and below the interface was relatively large, leading to relatively large Jacobian matrix condition numbers. The condition numbers increased with a decrease in partition ratio R. For all cases, the mixed integration scheme produced smaller condition numbers than the total subcell scheme.
TABLE 4 | Condition numbers of Jacobian matrix with different partition ratios.
[image: Table 4]The convergence profiles of the two integration schemes with different partition ratios are shown in Figure 15. Owing to accurate integration of the Jacobian matrix, for all three partition ratios, only three iterations were required to converge to a residual error less than E-10 when using the total subcell scheme. However, when using the mixed scheme, 17, 15, and 11 iterations were required to converge to the same error limit for R = 0.5, 0.1, and 0.01, respectively. This result indicates that although the mixed scheme could reduce the Jacobian matrix condition number, it could not achieve the optimal convergence rates, due to approximation of the Jacobian matrix; however, it could guarantee convergence.
[image: Figure 15]FIGURE 15 | Convergence profiles of two integration schemes with different partition ratios (S denotes total subcell scheme and M denotes mixed scheme).
To determine the adaptability of the mixed integration scheme to a more generalized mesh, an unstructured tetrahedral mesh was analyzed. However, it was difficult to avoid the case with the interface very close to some element nodes, which resulted in larger Jacobian matrix condition numbers.
The mesh consisted of 3608 quadratic tetrahedral elements, which yielded a non-constant Jacobian matrix. The vertex nodes were enriched, whereas the edge nodes were not. The interface was described using linearly interpolated level sets defined on the vertex nodes.
A total of 405 elements were cut by the interface; the partition ratio distribution of these elements, arranged from small to large, is shown in Figure 16. For different critical partition ratios R*, the Jacobian matrix condition numbers under the two integration schemes are presented in Table 5; Figure 17. A smaller R* indicates a smaller portion of cut elements integrated by the smeared integration method in the mixed scheme. In other words, the smeared integration method plays a less significant role in the mixed scheme; thus, the mixed scheme is more similar to the total subcell scheme. With an increase in R*, the Jacobian condition number decreases sharply at first, as shown in Table 5; Figure 17. However, after R* reaches approximately 0.1, the decrease becomes gentle; this indicates that almost all the ill-conditioned elements are included in the smeared integration portion. Thus, the mixed integration scheme can be considered to have reached its limit in terms of the ability to improve the condition of the matrix. Thus, R* = 0.1 was used in the final calculation.
[image: Figure 16]FIGURE 16 | Distribution of unstructured mesh partition ratios.
TABLE 5 | Condition numbers of Jacobian matrix obtained using two integration schemes with different critical partition ratios.
[image: Table 5][image: Figure 17]FIGURE 17 | Relationship of Jacobian condition numbers using the mixed scheme with critical partition ratios.
The calculation results for stress and displacement using the mixed integration scheme are shown in Figure 18; these results are consistent with the theoretical solution. The mixed scheme converged to the given minimum error limit after 69 iterations, as shown in Figure 19; however, the subcell scheme did not converge within the Newton iterations due to the ill-conditioning. These results prove that the mixed integration scheme exhibits good convergence stability for strongly nonlinear problems with unstructured meshes.
[image: Figure 18]FIGURE 18 | Stress and displacement results using mixed integration scheme with unstructured mesh. (A) x-direction displacement (Unit: m); (B) x-direction stress (Unit: MPa).
[image: Figure 19]FIGURE 19 | Convergence profile of the unstructured mesh for two integration schemes.
CONCLUSION
This study introduced a smeared integration method that can integrate the weak form of elements with discontinuous enrichment without element splitting. The method also avoids variable mapping in the nonlinear constitutive equations. Compared with conventional methods, this method is simple in form and easy to implement, and achieves excellent performance in terms of improving the condition of system equations. The performance of the method was verified through a series of element analyses. A mixed integration scheme was developed by leveraging the advantages of the smeared integration method and the subcell integration method. To improve the condition and convergence, the smeared integration method was used for the stiffness integration of elements with discontinuous enrichment that may be ill-conditioned; moreover, the subcell method was used for residual integration to ensure the accuracy of the final solution. In the example calculations, the mixed integration scheme significantly improved the system Jacobian condition and provided a good balance between convergence rates and convergence stability, especially with an unstructured mesh.
In general, the proposed integration scheme ensures the convergence of Newton iterations with Jacobian matrix embedded with discontinuous functions, hence promoting the practical application of the extended finite element method in geotechnical and geological disaster assessment and prevention analysis.
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The Nyexon Rock Avalanches in the southern Qinghai-Tibet Plateau is a huge scale earthquake-induced slope disaster in the Holocene, the accumulation area has distinct sedimentological characteristics, which is of great significance for studying the intrusion and restraint mechanism during long-distance transportation of large rock avalanches or debris avalanche. This long-distance transportation induced a series of landform types, such as ridges, hills, and ravines; they are widely distributed in all areas and extensively developed shear zones, jigsaw cracks, and other structures within the sedimentary structure. With the analysis of DEM data and geological survey, two main types of basement structures and their transition relationships are distinguished; they play an essential role in the restraining bottom during rock avalanches. In the sedimentary structure, the block facies and mixing facies occupy the main body of the deposition from the center to the distal area. Under the basement restriction, mixing facies are formed between the bottom of the sedimentary layer and the basement sedimentary structure; the shear band is mainly developed along with the mixing facies and basement facies, which is accompanied by basement liquefaction and rheology. A sedimentary facies model is established based on the sedimentary structure sequence of the Nyexon Rock Avalanches transportation. After analyzing the failure mechanism of the rock avalanches, it is believed that in the initial stage of failure, the rock avalanches is transformed into a particle flow that is similar to the debris avalanche, which is restrained by the basement structure and lateral bound; then, an accumulated obstacle highland is formed in the central area after deceleration, making the transportation of the main fluid to deflect quickly.
Keywords: rock avalanches, failure mechanism, intrusion constraint, transport processes, sedimentary structures
1 INTRODUCTION
Since the Holocene age, many giant rock slides and rock avalanches have been active in the Qinghai-Tibet Plateau and the surrounding areas (Hewitt, 1999; Strom and Korup, 2006; Qi et al., 2011; Xu et al., 2012; Wang et al., 2017; Wang et al., 2018; Zeng el al., 2020). During the risk assessment of natural disasters in plateau areas, the kinematic study of large-scale rock slides and rock avalanches with exceptional mobility has received particular attention. The complete intrusion process of large rock avalanches or debris avalanches is rarely recorded. However, the well remained structure can still provide a common basis and references for related specific research on rock avalanches or debris avalanches.
In the present, there have been many discussions about the transportation and emplacement of rock avalanches or debris avalanches (Anma et al., 1989; Vallance and Scott, 1997; Takarada et al., 1999; Capra and Macias, 2000; Bernard et al., 2009; Hu et al., 2009; Roverato et al., 2015). Theoretical hypotheses on the cause of abnormal long-distance transport include the theory of inviscid particle flow, the theory of air cushion, and the theory of trapped air causing fluidization (Kent, 1966; Shreve, 1966; Hsü, 1975; Erismann, 1979; Davies, 1982; Sassa, 1988; Foda et al., 1994) etc. Nevertheless, there is still no universal mechanism or theory to explain all these types and phenomena (Orwin et al., 2004; Devies et al., 2011).
In addition to the rock nature and the initial transportation state, the main conditions or factors that constrain the long-distance transportation and placement of rock avalanches or debris avalanches include the basement surface undulation, significantly raised obstacle, foundation structure strength, water-bearing condition, etc. These factors will affect or limit the direction, speed, and form of flow transport during the transportation and placement of debris (Moore and Mathews, 1978; Davies, 1982; Evans, 1989; Evans et al., 1989; Erismann and Abele, 2001Clavero, et al., 2002; Pollet and Schneider, 2004; Jibson et al., 2006; Bernard et al., 2009; Huang et al., 2012; Weidinger et al., 2014; Dufresne et al., 2015). Almost all geomorphology and structure are reflected in the evolution process of sedimentary units, which result from the emplacement and restraint of rock avalanches. The detailed geological survey is helpful to reveal the intrusion mechanism of certain large rock avalanches or debris avalanches (Schilirò et al., 2019).
In order to evaluate the potential major slope disasters in major engineering activities under the impact of strong tectonic activity in the Qinghai-Tibet Plateau and to explore the long-distance abnormal emplacement process and restraint mechanism of large rock avalanches or debris avalanches, Nyexon rock avalanches in the southern Qinghai-Tibet Plateau were selected as the research subject. The Nyexon rock avalanche (NRA) is a kind of earliest studied slope hazard in the southern plateau, where active seismic activity exists (Armijo et al., 1986). The rock avalanche event occurred about 820 years ago (Zeng et al., 2020). Through field investigation, compared with the three different placement patterns of the usual rock avalanches or debris avalanches (Pier et al., 1991), as a specific large-scale rock avalanche, the L-shaped placement of the NRA is unusual, making Senai Village directly facing the slope escape from the disaster, but Nyexon Village is attacked under the condition of no obvious terrain restrictions on the transportation route. Therefore, the research on the NRA is valuable. Due to the rich and well-preserved accumulation landforms formed by the NRA, with the geological observation and mapping, the collapse mechanism, the effect of sedimentary characteristics on its placement, and the corresponding mechanism are deeply discussed, which is of specific significance for accurately evaluating and preventing the large-scale slope disasters in seismically active areas.
2 GEOLOGICAL SETTING OF NRA
Since the late Cenozoic, the south-north tectonic belts are developed significantly in the southern part of the Qinghai-Tibet Plateau (Armijo et al., 1986; Tapponnier et al., 2001; Taylor et al., 2003; Pan et al., 2006; Yin and Taylor, 2011), among which the Yadong-Gulu rift is the most active one (Wu et al., 2015). The rift zone on the north side of the Yarlung Zangbo suture zone expands into the Nyemo graben group consisting of seven graben bodies. The studied area is located in the Angang graben on the east side (Figure 1).
[image: Figure 1]FIGURE 1 | Geological setting of the Angang Graben.
The Angang graben is a willow-like intermountain basin, where the main fault is located in the basin-mountain intersection on the west side of the basin (Figure 1), and the fault triangular face of the mountain front shows the activity of the graben structure. Besides, in this area, the seismic activity is frequent (Wu and Ye, 2009), the rock strata is mainly pale-colored, coarse-grained, two-cloud granites of the Paleogene (Wang et al., 2019), and the intrusive magmatic rock structures such as dark pyroxene homogenous enclaves, homologue enclaves, and band structures are well developed. In the Angang Basin, the sediments are formed through the cross-deposition effect among the glacial water deposits, piedmont alluvial fans, swamps, and rivers. From north to south, the swamp type gradually changes from alluvial fan swamps to river swamps. The weathered soil on the slope's surface and the colluvial deposits form slope wash facies with a great thickness. The bottom sediment of the basin is mainly demonstrated by modern fluvial deposits in the Xuqu River and swamp facies.
3 ANALYSIS METHODS
Considering the vast coverage of the NRA, the entire accumulation area was investigated with the route method, and the characteristics of the debris size, composition, provenance were drawn and statistics in detail. Moreover, along with the Xuqu River and Xiagaqu River, tens of exposed mounds, ridge morphology, basement structure, etc. were investigated and sampled in detail. In addition, in order to explore the accumulation and distribution of debris below the scar area, high-density electrical geophysical methods are used in the field to detect the area from the bottom to the proximal area of the scar area to investigate the characteristics of the basal structure and the water-bearing conditions.
Using high-resolution Google remote sensing images, the features of NRA and its surrounding area were drawn in detail from the aspect of the macro landscape; then, the spatial distribution sequence of mounds, ridges, and fractures was analyzed. In addition, the spatial distribution of huge breccias on the surface and the development law of particle size were also included.
As the basis for detailed geological observations, a quadrotor drone was used to capture image data with a resolution of 0.1 m and an area of 8.3 km2 to create a digital elevation model (DEM). The ArcGIS software is adopted to establish macro-topographic indicators, in which the focal statistic method is used to calculate the topographic undulations of the accumulation area. Moreover, by carefully describing the development and distribution of hills, ridges, and faults, it reflects the internal relationship between the transportation sequence of debris and the accumulation structures. While investigating the source of the detrital material in the field, according to the formation cause, the detribalization characteristics of different weathering degrees were distinguished, and the mixing degree of the base material components in each area was determined; according to the sedimentary structure and topography, the type and transition characteristic of sedimentary facies belts in each region are categorized. Finally, considering the interaction between the debris accumulation and the basement, the mechanism of the debris avalanche placement process, the high-fluidity emplacement process, and the constraining factors, are discussed.
4 RESULT
4.1 General Characteristics of NRA
NRA comes from the thick and tall granite mountains on the west side of the Angang Graben, where the protruding ridges sandwiched by gullies form the original landform. In this area, the normal faults across the bottom of the slope and huge piedmont landslides develop above them. The debris caused by the rock avalanche covers a range of about 4.68 km2 from the gentle slope of the mountain front to the bottom of the flat valley. The horizontal distance from the scar area to the far end is 4.67 km, the height difference of the transportation path is 890 m, and the overall slope is 110‰. The plane morphology of the accumulation area shows that during the rock avalanches transportation, the starting location is 105°, and it quickly deflects southward to 155° after passing the Xuqu River (Figure 2A). However, the coverage width is 0.9–1.4 km, which means that compared with the transportation in the main direction, the horizontal expansion of fluid did not occur significantly.
[image: Figure 2]FIGURE 2 | Remote sensing image map of the Nyexon Rock Avalanches. (A) Plan view of the NRA loaded, yellow line for the NRA sedimentary area, green line for the undeposited area, and black line for the scar area, with (B) view of its scar area. (C) A high escarpment formed by lateral erosion of the original ridge and foot on the left.
The detrital material in the rockfall accumulation area is mainly composed of granite debris from the scar area and the material mixed in the basement with the transportation. The clastic particle ranges from boulders to clay, and it also contains the peat layer with rich organic matter in river swamp facies (Figure 3 and Figure 6E).
[image: Figure 3]FIGURE 3 | Longitudinal profile of the NRA. Number 2-2 is the geophysical prospecting section line number.
Considering the expansion of the original source of the rock avalanche and the proportion of the substrate material during the transportation, it is relatively reasonable to estimate the disaster of the space volume of the scar area. Due to the uncertainty of the original slope morphology of the scar area, its original surface morphology of the scar area is reconstructed based on the assumption that the surface morphology still keeps the original shape, and the disaster scale is estimated to range from 27.5 × 106 m3 to 35.8 × 106 m3.
4.2 Scar Area
The entire scar area is composed of the head cliff, two lateral slopes, and the bottom surface (Figure 2). At the front edge of the scar area, a steep slope belt with a height of 90 m is developed, the topography at the exit section is extremely complex; at the trailing edge of the slope, a geomorphic uplift zone is formed, below where the front edge of the slope is mainly covered by primitive collapsing deposits (Figure 2B), forming a very convex ridge, which gradually descends and extends eastward about 0.7 km.
The upper rock mass structure of the scar area is mainly controlled by two main groups of wedge-shaped bodies that are composed of dominant fissures (Figure 2C). Because the bottom area is affected by the regional fault structure, a densely dipping fissure zone develops in the bedrock area (Wang et al., 2019).
At present, in the scar area, only the bottom area is covered by debris with different thicknesses. The results of geophysical exploration show that the burial depth of the damaged bottom bedrock is 5–20 m, and the morphology is generally gentle; at the same time, the low conductivity area shows that the width of the affected zone of the bottom fault layer is more than 40 m, and the current fault zone is in a water-rich state (Figure 3). According to the on-site investigation, the ridge is not completely destroyed, and most of the deposits in the middle and lower parts are retained. Moreover, erosion also causes a steep slope zone on the left side of the ridge in the lateral direction (Figure 2B).
4.3 Structure
In the proximal area, NRA retains massive survivors and significant breccia accumulations on the surface; in the distal area, it forms a mixing facies structure similar to detrital avalanches, whose macroscopic accumulation forms include hummocks, ridges, scarp, trenches and levees, etc. The accumulation area of NRA is divided into different structural units, and the corresponding relationship between internal structure and macro-topography is reflected through the detailed description (Figure 4A).
[image: Figure 4]FIGURE 4 | (A) Shaded relief map of the NRA showing zones and subzones, accumulation area on the east side contains eight facies’ intervals. White dashed line is the partition line, red dashed line is the ground fracture, black dashed line is the direction of the mound, yellow dashed line is the direction of the ridge. White arrow is the direction of movement, and range line is the direction of the levees. Green rose diagram is the ridge and hill, yellow rose diagram shows the location of the point break. (B) Drone top view of the proximal area, two different longitudinal mounds, black is the boundary of the sedimentary structure. (C) Drone top view of the central area, red is the direction of the surface fault.
4.3.1 Hummocks
The morphology of mounds includes longitudinal hummocks, round mounds, and transition types. Longitudinal hummocks are distributed from the proximal end of the scar area to the scarp belt near the Xuqu River (Figure 4B). Along the left side of the central line, the longitudinal hummocks are divided into two uplift belts arranged coaxially; the uplift amplitude increases toward the front edge, forming levees on the outer edge of the distal region of the longitudinal hummocks (Figure 4A).
In the proximal area of the scar area, except for the main debris accumulation part of the two longitudinal hummocks in the left area, in the center of the proximal end and the limited range of the right ridge, a more critical debris longitudinal mound is retained (Figure 4B). Through the inversion analysis of the slope map processed by the DEM, it is found that this area is macroscopically a gentle trough inclined from both sides to the center, and several parallel low-undulating longitudinal hummocks are developed at the bottom and inside (Figure 4B). Therefore, it is inferred that the placement process of the debris is in the proximal region. The piedmont alluvial fan acts as the base emplacement process, making the base structure undergo strong compression and deformation and inducing a mixed accumulation zone of the base on the further right bank of the xuqu; at the same time, the section of cliff in the front area shows the obvious high-angle contact relationship between the clastic matrix accumulation and the laterally uplifted alluvial fan fine-grained sedimentary layer, showing the intrusion mode of the proximal central area (Figure 4B).
From the center to the far end of the left bank of the Xuqu River, the shape of the mounds mainly includes long mounds, round mounds, shield mounds, etc. The plane morphology of their arrangement is affected by the fracture and appears to be more fragmented, forming coaxial parallel train hummocks (Figure 4C). However, suppose the influence of lateral fracture is not considered. In that case, the front-end mound train occurs slight vertical expansion in the form of a stream zone (Belousov et al., 1999), indicating that even under the constraining effect of the structure of the substrate, the variation of flow velocity in the front-end area is almost insignificant. In the farthest area, the thickness of the debris accumulation is very thin (Figure 5A), and in the bottom structure dominated by shear bands, the content of fine particles increases, and the distribution of mounds become more isolated.
[image: Figure 5]FIGURE 5 | The features of the sedimentary structure of the NRA. (A) Contact features of the block facies and the basement in the central area. (B) Transverse grooves and ridges in the central area. (C) Cross-sectional structure of the carapace facies at the front edge of the longitudinal mound. (D) Plane deposition range and the potential source area of the block are inferred to be the red range in the middle and upper part of the scar.
4.3.2 Ridge
Ridge is the uplifted landform similar to the hill, and they can be distinguished according to the Overall aspect ratio, the aspect ratio of the former is generally greater than 1.5 (Dufresne and Davies, 2009). As for ridges in the NRA accumulation area, they are mainly characterized by steep slopes and sharp ridge tops. According to the direction of the ridge top line, they are defined as transverse ridges and longitudinal ridges. The former intersects the main direction of transportation at a large angle. Lateral ridges appear below the cliffs at the far end of the longitudinal hummocks (Figure 4B), and most of them are distributed in the intermediate transition zone and lateral edges of the accumulation area, and horizontal ridges are arranged in the way of parallel geese, showing the phenomenon of distortion or discontinuity in the same direction (Figure 4A).
The ridge landform unit of NRA is composed of a mixed clastic structure, which is not obviously different from mounds. It is surveyed that the formation of transverse ridges is related to the accumulation and compression of the basement, and the transverse ridges at the back of the central area are most developed; the original basement structure in this area is the transition zone between the accumulation of alluvial fans and the river peat swamp (Figure 6E), where the upper layer accumulation body develops debris jigsaw cracks. Therefore, it is speculated that the intrusion of the clastics is mainly horizontal displacement, and is mainly affected by the base structure. Although the sediments of the river marsh facies have finer grain size and the water content exceeds the proluvisis fan body, the gentle terrain is the main factor that causes the difference in fluid transportation speed, which leads to a reduction in the speed of the front end of the transportation to make the rear side be squeezed in the horizontal direction.
[image: Figure 6]FIGURE 6 | The characteristics of sedimentation reflected by NRA on-site photographs. (A) Multiple shear zones and detailed features. (B) Rheological and shear phenomena of the sedimentary bottom layer. (C) Horizontal shear zone and diapir structure inside the basement. (D) Injection structure. (E) Outside the central area. The contact relationship between the horizontal deposition of the peat-bearing marsh facies and the clastic deposition. (F) Clastic deposition thickness in the distal area and the diapir structure inside the basement.
4.3.3 Furrows and Trenches
The gully is an adverse linear terrain that regularly extends from the proximal end to the distal end. The gullies are densely developed in a nearly parallel arrangement from the middle to the distal area and extend along the main direction of transportation in a nearly parallel manner; in the central area, the length of the longest longitudinal gully is 0.6 km; and in the distal area, the gully is dense, and a part of the gully cuts off the longitudinal ridge at a short and sharp angle, forming densely arranged train hummocks (Figure 4C).
During the transportation, the flow is restricted by the base structure, resulting in differentiated transportation between blocks and causing stretching gully and shearing gully between blocks. By drawing the statistical map of the gully in different areas (Figure 4A), it is shown that the longitudinal gully is nearly parallel to the main transportation direction, and the horizontal gully is relatively underdeveloped. However, it turns into a conjugate gully form in the side edge area. At the front edge of the central zone, the extension of the gully is not straight.
From the topographic map based on DEM data (Figure 4), an arc-shaped gully spreading across the entire area along the front edge of the central area is clearly identified; besides, the river profile shows that a deformed basement facies is developed along the relatively open bottom of the gully. The basement layered sedimentary structure is inclined upstream due to the overlying pressure (Figure 5B), and the height of the ridge outside the gully has a significant step-like decline. It is inferred that the debris transportation in this area appears stretched and detached under the effect of the basement structure.
In the highest area in the central zone of the NRA, the developed shield-shaped mounds are formed by a set of conjugated gullies (Wang, et al., 2019), indicating the difference in the forces of the blocks in the accumulation area. These two groups of intersecting gullies show the main force property of horizontal left-handed shear. However, the right side of the shield-shaped mound in the central zone inclines downward to the outside, and multiple parallel ploughing ridges are developed forward (Figure 5B), indicating that during fluid transportation along the main direction, restricted by the base, a set of force couple is formed at the right side, resulting in the whole left-handed shear, thus forming longitudinal ridges separated by nearly parallel gullies in the middle area of the whole.
4.4 Facies
Along with the bank slopes of the Xuqu River and the tributary Xigaqu River, the exposed continuous and complete cross-sections and longitudinal sections show the details of the NRA macro-sedimentary structure, which is the upper carapace facies, the jigsaw-fractured body facies including blocks facies, mixing facies, shear facies, and basal facies according to the sedimentary sequence. Through careful investigation, it is found that it is typical for the missing of some sedimentary sequences in different regions, and the sequence of sedimentary structure is related to the structural properties of the clastic flow and interaction between the structure of the basement during the emplacement process.
1) The carapace facies are distributed from the proximal end of the scar area to the middle of the accumulation area (Figure 5C). In the proximal longitudinal mound area, the carapace layer is formed by the giant breccia and the vast internal survivor puzzle fissure, which is composed of the large breccia body and strip structure. The conclusion about the source of the large breccia is that it mainly comes from the middle and upper part of the scar area, develops in a belt shape along the advancing direction (Figure 5D).
It is worth noting that the crustacean facies abruptly disappeared in the central area and concentrated in a slightly distant part (Figure 4C). Generally, the carapace facies of NRA are distributed in most areas; in the proximal region, the granular structure of the carapace facies is characterized by megabreccias, the thickness of the crustaceans is large, and the boundary between the crustaceans and the body facies is not obvious. Starting from the middle of the Xuqu River, along with the distal direction, the particle size of breccias in the crustacean facies gradually decreases and shows an apparent discontinuity in the transition area from the middle to the distal, and then is concentrated generated. The crustacean almost disappeared in the leading edge area at the distal end.
2) The body facies are the accumulation, whose different regions are composed of a matrix of granularity ranging from coarse grain to clay, as the main part of the NRA. Its secondary types include block facies, fragmented facies, and mixed facies. Jigsaw cracks developed in block facies and mixed facies exist in most areas and particle size scales (Figure 5C), and their transition relationship depends on the content of fine-grained breccia and the mixed base sediments.
The shear facies of NRA is well developed. In the near-source area, parallel multi-shear zones or imbricated shear zones are developed inside the clastic deposits at the edges (Figure 6A). From the central area to the distal area, the shear zones mainly develop in the mixed facies, base deposition layer or between them, bands of finely ground are formed in the shear zone with a bandwidth ranging from centimetres millimetres (Figure 6B).
The investigation shows that the shear facies of Nyexon rock avalanches are developed from the bottom of the body facies to almost all ranges and depths of the disturbed basement. In the remote area, the development of the shear zone is affected and controlled by laminar flow and is often associated with rheological facies inside the clastics (Figure 6C). However, it also appears in the fine-grained block facies or mixed facies at the bottom. Different from the above characteristics, the upper mixed facies is in sharp contact with the substrate contact zone. The thickness of the mixed facies usually ranges from a few centimeters to more than 2 m. Shear bands significantly develop between the substrate facies and the mixed facies and inside the mixed facies. The direction of the internal jigsaw cracks is consistent with the transportation direction, and the occurrence of the shear zone is in the range of near-horizontal to steep upstream.
3) The basal facies of NRA can be categorized into two similar types of structures. In the proximal area, the base facies is the piedmont alluvial fan; the main material components include the silt and gravel layer developed along the slope and gently dipping bedding, and the matrix of mixing phenomena between the base sediment and the overlying clastic bottom. In the local area of the edge, the phenomenon of diapir and injections occurs (Figure 6D).
The sediment components in the central and remote areas include silty sands with horizontal bedding and organic-rich clay interlayers. The lateral change law of basement facies structure shows that this area is mainly the transitional sedimentary zone between the end facies of alluvial fans and swamp facies (partially peat swamp). Complex deformation structures are observed in the bottom sediments covered by debris in a remote area. Some pieces of sediment float under the fluid and flow to deform accordingly (Figure 6B). However, in the remote area, the deformation of the basement is limited to the too deep range, which is usually in the range of 2∼4 m from the bottom of the riverbed; thus, the basement surface can maintain the original horizontal sedimentary structure and disturbance.
Phenomena rarely occur. Even under the bedding shear zone (Figure 6F), there is no evidence of deformation that occurs inside the thin layer of horizontally bedding silt clay (Zeng et al., 2020).
4.5 Sedimentary Unit Division
Through the careful geological survey, the NRA sedimentary structure and spatial distribution range are investigated and mapped in detail; the entire area covered by the rock avalanche is divided into eight different sedimentary units or facies belts. Table 1 lists the basic characteristics of the main units.
TABLE 1 | Description of facies zone of the NRA deposit
[image: Table 1]5 DISCUSSION
5.1 Collapse Mechanism of NRA
Referring to the worldwide large rock avalanches, rock slides, or detrital avalanches, different excitation conditions can cause almost all types of slopes to collapse (Moore and Mathews, 1978; Voight, 1981; Voight et al., 1983; Voight and Elsworth 1997; Belousov et al., 1999; Siebert, 1996). Triggered by a strong earthquake, the collapse of the rock avalanche or detrital avalanche is often remarkable, which means that the triggering effect of a strong earthquake can cause more severe damage, long-distance, and multi-stroke transportation (Cheng and Tian, 2000; Hu et al., 2009). Although for the Nyexon rock avalanches, there is no specific evidence to prove the relationship between collapse and the earthquake excitation, including the surface rupture phenomenon or the relationship between the activation time of the seismogenic fault and the rockfall event, strong earthquakes in Angang graben and surrounding areas are recorded; furthermore, the existence of Nyexon rock avalanches and slope disaster groups (Zeng et al., 2020) can be used as a basis for strong earthquake triggering.
Some collapse modes concerning large-scale rock avalanches or clastic avalanches induced by strong earthquakes, including the collapse mechanism of pyroclastic avalanches, are proposed (Belousov et al., 1999; Bernard et al., 2009; Pollet and Schneider, 2004; Huang et al., 2012). Through a detailed investigation of the scar area and slope environment of the Nyexon rock avalanche, it is believed that the original bottom structure of the scar area is affected by the fault to form a relatively weak basement, and concentrated stress shear failure may occur under the superimposed action of the overlying stress. The current spatial structure of the scar area is not a typical wedge-shaped body, so it is a reasonable explanation of the foundation breaking to cause the damage of the slope.
Through the analysis of the slope’s advantageous fracture combination and potential block structure, it is inferred that during the earthquake, the first deformation and destruction of the basement can make the slope continue to extend backward in the compression-induced fracture mode and develops into a deep failure surface along the existing dominant steeply inclined fissure, which eventually occurs the decomposition and failure of the wedge-shaped body. Therefore, considering the rock mass structure in different areas of the original slope in the scar area and the existing failure boundary characteristics, the failure mode of the basement collapse becomes a more reasonable explanation than the wedge failure.
5.2 Suggestion for the Mode of Rock Avalanche-Detrital Avalanche
Generally, the sedimentary structure of rock slip and rock avalanche is similar; they both include carapace facies, body facies, mixed facies, and basement facies, while the detrital avalanche lacks crustacean facies (Dufresne et al., 2015).
Through observation, in the proximal area of the Nyexon Rock avalanche, the main transported structure is mainly composed of incompletely broken breccia matrix and huge local survivors. Under the action of eroded or plow cutting, the basement layer occurs great deformation, where the development of the mixing facies is in the initial stage. Later, as the transportation distance increases to the remote area, the mixing facies becomes more mature, the development degree of the shear zone in the base and the mixing facies corresponds to its development stage; at the same time, the main body of transportation gradually turns to be the debris avalanche mode, in which the internal compression and collision behavior of the debris is more prominent. Moreover, some studies define this state as a particle flow (Friedmann, 2003; Hungr and Evans 2004).
On the other hand, with the lateral expansion, the degree of lateral expansion of clastic avalanches in the distal region is smaller than that of rock slides and rock avalanches. According to the plane evolution morphology, comparing to the Luanshibao Landslide and Taheman Landslide on the eastern edge of the Qinghai-Tibet Plateau while transporting open and flat terrain (Wang et al., 2019; Wang, ea al., 2020; Zeng et al., 2020), the lateral expansion of the Nyexon rockfall accumulation area is found to be not significant.
Based on the analysis above, it is believed that except for the evolution of the crustaceans, the Nyexon rock avalanche shows the evolution model of the detrital avalanche. According to the accumulation characteristics, the Nyexon rock avalanche enters the evolution mode of the detrital avalanche at the initial stage after the collapse; at this stage, the fragmentation process is obviously different from that of many other large rock avalanches during transportation, this may be an important aspect of the dynamic conditions for long distance transportation of rock avalanches, which also proves that different slide conditions may lead to significant differences in the mechanism of rockslide motion (Strom and Korup, 2006).
5.3 Facies Model of Rock Avalanches Deposition
Through the investigation of the sedimentary structure in different regions, it is found that there is a strong relationship between the accumulation morphology and sedimentation of the Nyexon rock avalanche. Many previous studies on the sedimentological characteristics of the rock avalanche are reflected by the facies model (Yarnold and Lombard, 1989; Pollet and Schneider, 2004; Dufresne et al., 2015).
Regarding the internal characteristics of the rock avalanche sedimentary structure, the vertical distribution of the clastic grain with size accumulation forms in different regions is studied and believed that the reverse hierarchical feature is for the upper sedimentary structure (Dunning, 2011; Weidinger et al., 2014). In the investigation of the Nyexon rock avalanche, most of the reverse grain structure is found to be in the mound section of the distal area (Wang et al., 2019), in which the impression of the reverse grain structure is further deepened because of the adding of the fine-grained basement material. The reverse structure is only developed inside the multi-shear zone or imbricate shear zone in the edge section in the proximal area. Therefore, the local reverse particle size of the rock avalanche is mainly related to the shearing mechanism. In this case, there is no direct field basis to support the vibration screening mechanism.
On the other hand, the reverse grain size in the NRA sedimentary structure is often closely related to the shear zone and its internal jigsaw cracks. The few jigsaw cracks in the near-source area of the NAR reflects scale benefits, which means that the larger survivors are wrapped in the early period. Even if the substrate is mixed or internally deformed, the influence of the surrounding stress concentration is not obvious. The jigsaw cracks appear more in the smaller-scale breccia matrix or a mixed belt in the distal area.
The development of shear bands represents the nature of fluid transport. In the proximal region, the shear bands mainly exist inside the substrate bottom, while they can further extend to the bottom or lower structure of mixed facies and body facies in the distal region. At the bottom of the hill or ridge section, there is a gentle bottom mixing zone and the basement interface that does not match the surface morphology, and in some areas also occurs a certain degree of uplift, forming rheological formation and shear zones.
According to the detailed discussion of the spatial distribution and internal structure of the various sedimentary facies during the placement of the NRA, the mode of sedimentary facies of the NRA is drawn (Figure 7).
[image: Figure 7]FIGURE 7 | The facies model of Nyexon rock avalanches. (1) Block facies; (2) mixed facies; (3) shear facies; (4) fine grained mixing facies; (5) and (6) substratum of differentiation; (7) basel injection.
5.4 Rockfall Dynamics and Emplacement Restraint Mechanism
As mentioned in a previous section (Section 5.1), in the initial stage after the collapse of the NRA, the main transport structure is dominated by mixed giant breccias and debris but lacks the original structure and strength. At the same time, the substrate containing viscous materials is not added, it is defined as a non-aqueous and non-sticky granular material and keeps the particle flow properties during the transportation. In the proximal region, the debris particles are transported in the form of flow, and the intrusion process causes the deformation of the substrate. The structure of longitudinal hummocks and dams is related to the stretching mechanism of the fluid in the slope zone (Wang et al., 2019), which is related to some other debris avalanches. However, corresponding to the limited conditions of the original lateral ridge, the transportation direction of the fluid in the vicinity of the edge is different from the middle fluid. After the collapse of the scar area, the initial transportation state is the main factor in controlling the transportation direction. When the longitudinal mound in the left area is under the combined influence of the lateral constraint and the deformation of the substrate, the transportation of the fluid front decelerates and a key terrain obstacle is formed behind the transverse ridge of the central zone (the central area in Figure 4); after arriving, the middle area, affected by the obstacle heights, the transportation direction of the fluid furtherly changes from 103° to 155°. Finally, the fluid continues to run off and expand downstream, forming the current planar shape.
Although the bottom of the basin has the characteristics of open and flat primitive landforms, the flow of rock avalanches has inherited characteristics. The fluid entering the bottom of the basin from the slope zone is affected by the transformation of the substrate structure and friction properties. In order to quantify the impact, the macroscopic friction coefficients generated by rock slides at the interface of different substrate is calculated using two different sections (Figure 2), and the results calculated by applying the formula Δh/L (Ui, 1983) are respectively 0.18 and 0.23, indicating that the friction coefficient of the substrate of the slope-diluvial fan is much higher than that of the swamp substrate, and it also shows that the NRA is similar to some other rock avalanches or clastic avalanches (Siebert, 1984; Shaller, 1991), it is not an abnormal long-distance transportation.
According to the previous description, hills or ridges are not formed by the deformation and undulation of the basement regarding the long-distance transportation mechanism of rock avalanches at the bottom of river valleys. However, they are mainly related to the compression and extension of the fluid. From the central area to the distal area, the mixed facies and shear zone mainly develop in the bottom area of the fluid, where the fluid structure and density change the most. The investigation of the NRA shows that the fluid intrusion in the remote area is mainly in the form of destruction of the shear zone rather than theology, and the bottom mixing zone rich in fine-grained materials has a lower porosity. The swamp sediments of the basal facies have finer grain size and are saturated with water. During the fluid emplacement process, the substrate underwent most of the shear failure under the action of excess pore water pressure. In addition, along the basal facies or the mixed-facies structure is a mainly laminar failure, and a small part of the outside of the central area is the shear failure inside the mixed facies, forming an inclined failure surface that is nearly parallel to the surface of the mound.
In the distal and lateral areas, the fluid becomes abnormally thin, and the shear band does not move down significantly, indicating that the internal shear of the fluid is not directly related to the overlying pressure determined by the fluid thickness, so it can be inferred that the shearing is the reason for inheriting the weak zone or shear zone that existed before the lateral expansion.
6 CONCLUSION
In this paper, the Nyexon rock avalanche in Nyemo County, southern Tibet, was studied, formed inside the Angang graben under strong earthquakes. The debris formed after rock avalanche damage is transported from the gentle slope belt in front of the mountain to the flat and open lower reaches of the Angang River valley, during which the transport direction of the rock avalanche abnormally changes; this makes the Nyexon avalanche be a specific case of studying the failure mechanism and intrusion constraints of large rock avalanches. Finally, some new understandings and summaries were obtained based on detailed geological observations and previous studies.
1) The collapse and failure mode of the Nyexon rock avalanche the foundation failure after the earthquake stress is superimposed on the weak foundation that is formed under the control of the fracture in the bottom area of the slope under the action of strong earthquakes, and after its strong collision with the bottom surface and caused rapid fragmentation, the rock mass in the scar area is broken and decomposed to form the initial condition for rockfall debris to be transported by particle flow.
2) The original slope landform and basement sedimentary structure are different from previous understandings. The basement of lateral ridges and piedmont gentle slopes is composed of slope alluvial materials, while the bottom of the Angang River valley is composed of river-swamp facies. The difference in sedimentary structure has obvious influence on the transportation and intrusion of rock avalanche.
3) Through the investigation and analysis of the morphology and structure of the rock avalanche accumulation area, the established Nyexon rock avalanche sedimentary facies model includes: 1) block facies and disturbed basement facies in the proximal area after initial fragmentation; 2) the rheology of the block facies, the mixed facies, and the base liquefaction facies in the central area; 3) the base facies and shear zone in the distal region; 4) under tension and compression, the formed surface morphology corresponding to the hills, ridges, and ravines; and 5) radial transportation based on horizontal shear zone.
4) The collapse and disintegration process of the slope in the source area resulted in the separation of the clastic fluid during the longitudinal transportation, and under the condition of the lateral and base boundary being constrained, the deceleration of the fluid transportation forms the high obstacle land in the central area, forcing the intrusion direction to be obviously deflected, which is the main development process of the overall plane morphology of the NRA.
Due to the complexity of the long-distance transportation process of the NRA, it is necessary to study the excitation of strong earthquakes to reveal the mechanism of earthquake action on the slope scar area, and further clarify the inner relationship between the debris intrusion process and the sedimentary structure after rock avalanche failure.
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The monitoring of rockburst is one of the worldwide problems in underground engineering and how to effectively predict and early warn the occurrence of rockburst disasters has become an urgent problem to be solved. In this article, the high rockburst occurrence section of the deep diversion tunnel of Jinping Hydropower Station on the yalong River is taken as the research object. Based on the microseismic monitoring technology and combined with the principle of seismology with qualitative analysis and quantitative calculation, the distribution law of “time, space, and intensity” of microseismic activity and the change law of source parameters time series are used as the precursor characteristics of rockburst early warning. Based on these, the internal relationship between the microseismic activity and the rockburst micro-fracture was studied. The monitoring results show that the rockburst occurred before has obvious micro-fracture precursors. The microseismic activity is a self-organizing process from spatial disordered dispersion to ordered concentration. The abnormal changes in source parameters such as density of microseismic events, seismic energy density, the cumulative volume, energy index, 3S index, and b values can be used as a warning identification of rockburst. Therefore, the multivariate early warning method for rockburst monitoring based on the comprehensive analysis of source parameters in the deep tunnel is proposed. The prediction accuracy of this method is up to 80.6%, and it can provide reference for the rockburst prediction, warning, and safe construction of such tunnel engineering.
Keywords: rockburst, microseismic monitoring, microseismic activity characteristics, multivariate early warning, tunnel engineering
1 INTRODUCTION
Rockburst is a dynamic phenomenon and ejection caused by the sudden release of elastic deformation and potential energy accumulated in underground engineering rock mass under excavation disturbance. As the major rock mass projects in national economic construction tend to be more and more comprehensive and complicated, the underground infrastructure construction is generally faced with the challenges of complex and changeable environment, construction safety under extreme load conditions, and gradual development from ground to deep underground. Subsequently, the engineering geological disasters caused by deep problems are increasing day by day, and the rockburst induced by high ground stress is the most typical dynamic disaster. Table 1 lists the basic situation and records of rockburst disasters of key tunnel projects, and statistics of the occurrence proportions of rockburst events of different grades and intensities in China (Feng et al., 2012; Zhang et al., 2012; Yu et al., 2020; Mu et al., 2021). It can be seen that rockburst not only threatens the safety of construction personnel and equipment, but also directly affects the progress of work, even induces earthquakes and destroys the whole project construction. In addition, it has become a major technical bottleneck problem in the future deep and deep underground engineering in China (Pu et al., 2019; Yu et al., 2021a; Zheng et al., 2021). Therefore, it is of great theoretical value and practical significance to carry out the research on rockburst monitoring and early warning under the influence of unloading of deep-buried tunnel.
TABLE 1 | Incomplete statistical of rockbursts record in tunnel engineering in China (Feng et al., 2012).
[image: Table 1]The studies show that the rockburst is closely related to the microseismic activity (micro-fracture) in the rock. There are micro-fracture precursors corresponding to rockburst in every stage from initiation, development to occurrence, and the abnormal phenomenon of microseismic activity is the micro-fracture precursors of rockburst (Zhang et al., 2020; Du et al., 2021; Yu et al., 2021b). Therefore, the accurate understanding of microseismic activity in rock mass is the basis of rockburst disaster prediction and dynamic control. In recent years, the researchers have carried out innovative research on the law of microseismic activity by using seismology, nonlinear dynamics, and other theories, and the research results were obtained. For example, Senfaute et al. (1997) analyzed the relationship between the distribution of microseismic events and the change of rock mass stress state during the mining operation of coal mine by means of microseismic monitoring. The correlation between the support conditions and the concentration of microseismic events was found and it provided a new research method for the prediction and risk evaluation of rockburst disaster. Gibowicz (2009) monitored the mining-induced microseismic activities through the microseismic monitoring technology, and elaborated the mechanism of microseismic generation and the feasibility of predicting mine earthquakes. Based on these, the geophysical methods for studying mining-induced mine seismic events were introduced. Srinivasan et al. (1999) used the parameters of microseismic events, microseismic energy, and event-dominant frequency as the indicators of rockburst prediction and early warning in the Kolar gold mine in India. Zhao and Li. (2021) conducted the nonlinear analysis of microseismic activities, judged the possibility of rockburst according to the number of microseismic events generated per unit time, and carried out research on the microseismic activity and the potential danger area of rockburst of Hongdoushan Copper Mine. Tang et al. (2015) put forward the earthquake nucleation model and South Africa ISSI microseismic monitoring system was study the mine earthquake activity relationship corresponding to mining activities. This model has been successfully applied to the rockburst prediction of Dongguashan Copper Mine by using the criteria of earthquake gestation and nucleation of relative earthquake stress and displacement. At the same time, Feng et al. (2015) analyzed the occurrence mechanism and later dynamic support of rockburst in Jinping Tunnel by studying the law of microseismic activity, and carried out detailed research on the occurrence law, prediction, and early warning problems of rockburst. In addition, based on the variation law of microseismic parameters before rockburst, the precursor of rockburst micro-fracture by using parameters such as the number of microseismic events was studied (Li et al., 2012; Wu et al., 2012; Chen et al., 2013; Xu et al., 2016; Ma et al., 2018; Liu et al., 2019). The relationship between event magnitude and frequency in the processes of rockburst prediction and early warning for the deep-buried diversion tunnel and the drainage tunnel of Jinping II hydropower station during construction were analyzed. It is proved that by practice and statistics, the rockburst can be predicted and forewarned by microseismic monitoring technology.
From the literature analysis above, we know the rockburst monitoring and early warning technology has been widely used in mining engineering, underground engineering, tunnel engineering, water conservancy, hydropower engineering, and other fields, making it possible to evaluate the stability of rock mass. However, the researches still have the following shortcomings. 1) The rockburst early warning index is relatively single. Every signal of rock micro-fracture contains rich information of rock mass state change, and how to obtain the monitoring data in the systems, and make reasonable interpretation based on the data, so as to realize the rockburst prediction is the focus of rockburst warning. 2) Rockburst prediction and warning criterion in the judgment system are not complete. The existing reports on the application of microseismic information in rockburst early warning are mainly reflected in successful cases, and the established early warning criteria and methods are not universal. Therefore, in this article, taking the section of deep-buried tunnel with high rockburst occurrence of Jinping Hydropower Station as the research object, the real-time monitoring and analysis of the surrounding rock microseismic activities in the area of high buried depth and high in-situ stress were carried out. Based on the source statistical parameters including the density of microseismic events, seismic energy density, 3S index, the cumulative apparent volume, the energy index, and the space-time evolution regularity of b value, the temporal variation characteristics as a precursor to micro-fracture characteristics of early warning were analyzed. In addition, through the qualitative analysis and quantitative calculation, the multivariate early warning method for deep hard rock tunnel rockburst monitoring in the Jinping II Hydropower Station was proposed and verified. It may provide some references for the excavation of tunnels and prediction of rockburst during construction.
2 ENGINEERING BACKGROUND
2.1 Project Overview
The Jinping II Hydropower Station, located on the Yalong River in Sichuan Province, is an important landmark project of power transmission from west to east of China. Figure 1 shows the layout of diversion tunnel of hydropower station; it can be seen the hydropower engineering tunnel group is composed of 7 parallel tunnels with an average length of over 16.7 km and trending toward N58°W, 2 traffic tunnels, 4 diversion tunnels, and 1 drainage tunnel, respectively (Figure 1A Layout of the Jinping hydropower project across the Yalong River; B) location of the Jinping II Hydropower Station; C) configuration of seven tunnels; and D) the construction detailed dimension drawing for the headrace tunnel and drainage tunnel). The tunnel construction process adopts a tunnel boring machine (TBM) method and drill burst tunneling. The TBM construction method is adopted for 1#, 3# water diversion tunnel and drainage tunnel, and the diameter of the excavation hole is 12.4 and 7.2 m respectively. The diversion tunnels of 2# and 4# are constructed by drilling and blasting method, with a diameter of 13 m.
[image: Figure 1]FIGURE 1 | Layout and location of tunnels at the Jinping II hydropower station. (A) Layout of the Jinping hydropower project across the Yalong River; (B) location of the Jinping II Hydropower Station; (C) coniguration of seven tunnels; and (D) the construction detailed dimension drawing for the headrace tunnel and drainage tunnel.
3 GEOLOGICAL INVESTIGATION
Figure 2 shows the engineering geological profile of the Jinping II Hydropower Station. Since it is located between the Qinghai-Tibet Plateau and Sichuan Basin, there is a typical slope geomorphic feature with a large overall terrain drop. The deep valley is in the shape of “V,” and the coastal terraces sporadically developed. The overall strike of the strata is mainly in the direction of NNE. The main rock strata through which the tunnel group passes from west to east are lower Triassic chlorite schist and metamorphic medium sandstone, etc. The physical and mechanical parameters of various strata rock masses are shown in Table 2. It can be seen the surrounding rock is fresh brittle hard rock, and the rock mass integrity is good (Yu et al., 2014; Xia et al., 2022). The tunnel group has the characteristics of large buried depth, long tunnel line, difficult construction, and diverse and complex geological conditions. Its buried depth is 1500–2200 m, with the maximum buried depth of 2525 m. Therefore, the tunnel group is the super-large underground hydropower project existing in China.
[image: Figure 2]FIGURE 2 | An engineering geological profile of deep-buried tunnel of Jinping II Hydropower Station.
TABLE 2 | Strata physical and mechanical properties for the Jinping project.
[image: Table 2]3.1 Construction of Microseismic Monitoring System
The Jinping microseismic monitoring project adopts Canadian Engineering Solution Group (ESG) monitoring system, which is mainly composed of Paladin digital signal acquisition system, hyperion digital signal processing system, and acceleration sensor. The workflow of the microseismic monitoring system is shown in Figure 3. The data acquisition instrument was installed on both sides of the work face in the array form. Two sensors are arranged 50 m away from the rear of the working face, and the distance between the sensors is also 50 m. At every 50 m advance of the working face, the two sensors located at the end follow forward to 50 m away from the working face. Through this cycle, the microseismic monitoring system can work closely with the working face and achieve the purpose of real-time monitoring (Zhang et al., 2012; Yu et al., 2014; Xu et al., 2016; Yu et al., 2021b; Zhang et al., 2021).
[image: Figure 3]FIGURE 3 | Microseismic monitoring system for ground tunnels in Jinping hydropower station (Yu et al., 2014).
4 RESEARCH ON EARLY WARNING METHOD OF ROCKBURST
4.1 Selection of Source Parameters for Rockburst Warning
Under the external disturbance, the secondary distribution of stress field will inevitably lead to the accumulation and concentration of local stress, and then cause the transfer and release of surrounding rock stress. In the process of stress accumulation and release, rock micro-fracture (microseismic) occurs. This associated phenomenon reflects the response of the surrounding rock mass structure to stress, which is called “emergence” of stress field, and the micro-fracture is exactly a form of emergence of stress field. That is, in a certain area, the more microseismic events, the greater the aggregation degree, and the frequent occurrence of high-energy large earthquakes, indicating that the stress state in this area is much higher than that of the original rock. Therefore, through the evolution and distribution law of microseismic activity “time, space, and intensity” (i.e., occurrence time, space, and intensity), the change situation and change law of internal stress in engineering disturbance range can be indirectly reflected.
With the development of geophysics and a better understanding of rockburst, it has become possible to predict and warn of rockbursts by means of microseismic monitoring technology based on the results of natural earthquake prediction (Liu et al., 2013). In the study of seismology theory, seismic statistical analysis on temporary and spatial evolution laws of MS events is widely used to evaluate rock mass stability. The seismology statistical parameters of microseismic activity include apparent volume, apparent stress, and energy index. Therefore, by analyzing the distribution law of microseisms in time, space, and intensity and the temporal variation law of focal parameters corresponding to the precursors of rockburst micro-fracture, the microseismic event density, microseismic energy density, 3S theory and index, cumulative apparent volume and energy index, and b value are selected as the related parameters and indexes of rockburst prediction and early warning.
4.1.1 Microseismic Event Density
The density of microseismic events represents the number of microseismic events per unit volume, which directly reflects the clustering degree of microseismic events and the damage degree of rock micro-fracture (Liu et al., 2013; Yang et al., 2013; Xia et al., 2020; Zheng et al., 2021). According to the size, concentration degree, and density of micro-fracture, it is possible to infer the development trend of rock micro-fracture. Then it is possible to predict the occurrence of rockburst based on the distribution and clustering law (Wu et al., 2012) of micro-fracture. The density of microseismic events can be expressed as [image: image] (microseismic counts and monitoring area are defined as n and s, n = 1, 2, 3 … ). If the maximum density is denoted as [image: image], the relative density is then defined as [image: image] in each zone. The value of [image: image] is represented by red, yellow, green, and blue respectively. In the monitoring scheme, the clustering degree of microseismic events was analyzed by clustering and divided into four levels corresponding to four safety levels, as shown in Table 3. In this table, the red zone is regarded as a potential rockburst danger zone and also the warning zone. If the scope of the red area is fixed or expands continuously in all directions within a period of time, it indicates that the microseismic events in the area are active and need to be warned. If the position of the red area changes continuously over a period of time, it indicates that the stress state in the area is adjusting or shifting, then the probability of rockburst occurrence is reduced. Figure 4 shows the cluster area of microseismic events displayed by the microseismic monitoring system, which is also the area of serious rock damage and rockburst.
TABLE 3 | Safety grade table of microseismic event density.
[image: Table 3][image: Figure 4]FIGURE 4 | Rockburst hazard zoning by the contour of microseismic events.
4.1.2 Microseismic Energy Density
Microseismic energy density represents the spatial quantitative distribution characteristics of microseismic energy release intensity, which can not only reflect the location and intensity of rock micro-fracture, but also characterize the release process of rock strain energy in the source area. Then, it can explore the state of engineering rock mass under the action of external disturbance. The area of high energy density distribution in rock mass is the area of high energy release after stress accumulation reaches peak intensity, and is also the area of concentrated micro-fracture and serious damage. The monitoring space is assumed to be [image: image], and the space dimension D is divided into several statistical regions with side length of a. Then the number of statistical regions can be expressed as (Dou et al., 2012):
[image: image]
If the total released energy can be expressed as E, and the volume of a sphere or cylinder was described as [image: image], then the energy density [image: image] can be calculated by
[image: image]
Figure 5 shows the hazard of rockburst judging by the energy density cloud. In the monitoring of Jinping deep water diversion tunnel rockburst, it can also be divided into four safety levels by microseismic energy density. The red zone has the highest energy density (75–100% rockburst probability) and is also a potential rockburst danger zone. The blue zone has the lowest energy density (rockburst probability under 25%), indicating a safe zone and no rockburst tendency. Besides, the intermediate energy density values are successively excessive.
[image: Figure 5]FIGURE 5 | Rockburst hazard zoning by the contour of microseismic energy density.
4.1.3 3S Theory
In the study of seismology theory, Tang et al. (2009) proposed that the stress accumulation, stress shadow, and stress transfer (3S for short) are three states of stress. Similar to the principle of earthquake, stress adjustment needs a certain period of time and period in the development and occurrence stage of rockburst. According to the statistics of rockburst with moderate intensity and above, it is found that the microseismic activity has a certain periodicity and regularity before the occurrence of rockburst. Based on the regularity corresponding to the 3S phenomenon in seismology, the microseismic activity before and after rockburst can be divided into three stages in a same way: the development period, the peak period, and the quiet period, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Frequency of microseismic events based 3S theory.
Generally, when microseismic events accumulate to a certain extent in a certain area, there will be a peak of microseismic events (i.e., stress accumulation stage). If no rockburst occurs in the peak period, the microseismic events in the next stage will continue to increase and the stress will continue to accumulate. However, if the rockburst occurs during the peak period, the stress accumulated in the rock mass is released (the stress-shadowing stage). Accordingly, on the basis of the monitoring data and geological conditions, corresponding early warning should be made in time. After the rockburst, if the stress and energy in the rock mass in this area are released completely, the frequency of microseismic activity drops rapidly. When a few or no microseismic events occur, this stage is called the quiet period of microseismic events.
4.1.4 Cumulative Apparent Volume and Energy Index
According to the typical stress-strain curve of rock, the deformation growth is accelerated and the stress growth is slow when the rock is close to the peak strength. Then in the late peak period, the stress decreases with the increase in deformation. After that, when the rock mass is in the strain-softening stage, the larger the stress drop is, the more likely the rock mass will be unstable and the more serious the failure degree will occur. Therefore, the slope of cumulative apparent volume [image: image] over time is often regarded as an important indicator of the rock strain rate. The mathematical expressions of apparent stress [image: image] and apparent volume [image: image] are (Mendecki, 1997)
[image: image]
where E is the seismic energy and p is the seismic potential.
[image: image]
where μ is the shear stiffness and M is the seismic moment.
Energy index refers to the ratio of the radiation energy generated by the seismic event to the average seismic energy [image: image] of all seismic events in the same monitoring area (Mendecki, 1997). The average seismic energy can be expressed by the relation [image: image] where P represents the seismic potential; [image: image], [image: image] are constants. Then the energy index can be expressed by
[image: image]
The energy index reflects the variation of driving stress in the source region. According to the instability theory of rock, strain softening occurs in the residual strength stage of rock failure, and the larger the stress drop is, the more serious the rock damage is. Therefore, the greater the energy index in the monitoring area, the higher the stress level in the area. However, the rapid decrease in the energy index indicates that the instability of rock mass increases and the probability of big events increases greatly. So the apparent stress, apparent volume, and energy index reflect the stress state of rock mass under external disturbance in real time. The temporal variation characteristics of these parameters can be used to obtain the precursor information of micro-fracture before rockburst.
4.1.5 b Value
The existing research results show that both microseismic events induced by engineering disturbance and natural seismic events follow the magnitude-frequency (G-R) relationship (Gutenberg and Richter, 1994). The mathematical expression is
[image: image]
where M is the magnitude and N(M) is the total number of microseismic events above magnitude M, and a and b are the constants for a given monitoring area.
The relationship curve of magnitude-event number of typical earthquakes is shown in Figure 7, in which the b value represents the function of the relative magnitude distribution of microseismic events. That is the proportion relationship between the number of large earthquakes and the number of small earthquakes in a certain area. In can be seen in Figure 7 that when the value of b increases, the number of large magnitude events is less but the number of small earthquakes is more. However, when the value of b decreases, the proportion of large earthquake events increases and the stability of rock mass begins to decline. In addition, the value of b is also related to the strength and stress of the medium in this area (Xu et al., 2014).
[image: Figure 7]FIGURE 7 | A typical frequency-magnitude relation curve (Gibowicz and Lasocki, 1990).
4.1.6 Research on Rockburst Monitoring and Early Warning Methods
Since the operation of the microseismic monitoring system in the deep diversion tunnel of Jinping Hydropower Station, a large number of microseismic monitoring data have been obtained. Based on the early warning parameters in Section 3.1, the clustering area was delineated through the distribution of “time, space, and intensity” of microseismic events. In addition, the density and energy density of microseismic events, and the potential danger area of rockburst were determined. After that, the overall stability of rock mass is determined by analyzing the apparent volume, apparent stress and energy index, b value evolution law, and 3S theory. The multiparameter early warning model for rockburst monitoring of deep-buried tunnels of Jinping II Hydropower Station is proposed by combining qualitative analysis with quantitative calculation (Figure 8).
[image: Figure 8]FIGURE 8 | Flow chart of early warning for rockburst in deep-buried tunnel at Jinping project.
According to the monitoring results of five tunnels at the construction site (including water diversion tunnel and drainage tunnel of 1#∼4#) monitored by the microseismic monitoring system, 191 of the 237 rockbursts recorded at the site were accurately predicted. The accuracy rate including the location and intensity of rockbursts is 80.6% (Tang et al., 2014). Therefore, it means that this method can provide guidance for tunnel construction and excavation, and provide reference for monitoring, warning, and prevention of rockburst in this kind of tunnel.
5 ENGINEERING APPLICATION OF ROCKBURST EARLY WARNING METHOD
From July 1st to July 20th, 2011, one strong rockburst and four moderate rockbursts occurred in the section of tunnel (3) 9 + 218–250, as shown in Table 4. In this monitoring tunnel section, the rock mass is composed of T2B thick massive marble, crystalline limestone and white ∼ grayish white coarse-grained smelly marble, and located in the high-stress area. The rock mass has dense structure, pure quality, good integrity, thick massive structure, no large-scale fault zone, and classed into III and II surrounding rock. Among the rockburst events, the most severe one occurred on July 20th, 2011, damaged length up to 32 m, and extensive damage occurred at the south shoulder to side wall (Figure 9). According to the damaged surrounding rock and support conditions, the rock block pops out and the water expansion bolt is seriously bent and exposed. The damage depth of blasting pit is between 0.6 and 1.0 mm, which is in the shape of pot bottom, and the damaged rock mass is generally broken. When rockburst occurred, there was a large continuous sound.
TABLE 4 | Basic situation of rockburst in 3 # diversion tunnel.
[image: Table 4][image: Figure 9]FIGURE 9 | Failure caused by strong rockburst in diversion tunnel #3 on Jul. 20th, 2011.
5.1 Analysis of “Time, Space, and Intensity” of Microseismic Events
Figure 10 shows the plan of temporal and spatial evolution of microseismic activity of #3 diversion tunnel from July 3rd to July 19th, 2011 (The size of the ball represents energy and the color represents moment magnitude respectively). In Figure 10A, from July 3rd to July 6th, 7 high-energy microseismic events occurred and gathered near (3) 9 + 248 working surface. At this time, it is preliminatively predicted that moderate intensity rockburst may occur at the location of (3) 9 + 248 m–9 + 266 m. With the advance of the excavation, the number of major events increased significantly from July 7th to July 10th, and the microseismic activity mainly occurred between (3) 9 + 239 m to 9 + 259 m. Owing to the close spacing of microseismic events, the cluster area of microseismic events is formed, as shown in Figure 10B. Because of the large number of high-energy events generated during this period and the clustering state, the level of rockburst is predicted to be of moderate intensity, and the possible location is still cited at (3) 9 + 239 m–9 + 259 m. In the following 9 days, with the advance of the working surface, microseismic events with high energy and large magnitude continued to occur behind the surface. Furthermore, the range of cluster area of microseismic events A continues to expand to cluster area B (Figure 10D), indicating that the stress of rock mass in this range is still accumulating. Moreover, the strength of surrounding rock was also cracking with time, and finally a strong rockburst occurred at (3) 9 + 230–245 on July 20th, 2011.
[image: Figure 10]FIGURE 10 | The spatio-temporal distribution of MS in diversion tunnel #3.
5.2 Microseismic Event Density and Energy Density
Figure 11 shows the evolution of the microseismic event equivalent density cloud and energy density cloud over time from July 3rd, 2011 to July 19th, 2011 (the left is the microseismic event density cloud and the right is the microseismic event energy density cloud). It can be seen that the rockburst core area of microseismic event density cloud and energy density cloud began to appear on July 6th, the day before the occurrence of medium rockburst. Over the next few days, the dense cloud with this point as its core experienced nucleation and spread out in all directions. The results indicate that the small-scale cracks in rock mass are experiencing initiation, development, merging and forming large-scale cracks. During this period, the strength of the rock mass is reduced due to accumulated damage. The mechanical properties of rock mass deteriorate seriously, and the stability of the surrounding rock is greatly reduced. This is basically consistent with the temporal and spatial distribution and evolution of microseismic activity as shown in Figure 10. The cluster area of microseismic events almost coincides with the area of serious energy loss, which further confirms the possibility of serious deterioration of mechanical properties of rock mass in this area. Finally, the local stress field in the region was fully released in the form of an intense rockburst on July 20th. Therefore, the equivalent density and energy density cloud maps of microseismic events can well reflect the time-space evolution law of internal micro-fracture and damage of rock mass under the action of on-site construction disturbance. The two evidences of each other enable us to accurately determine the location of rockburst nucleation zone and the development process of rockburst.
[image: Figure 11]FIGURE 11 | Evolution contour of MS events density and energy density in diversion tunnel #3.
5.3 3S Theory
The bar chart of microseismic event frequency variation with time in diversion tunnel #3 from July 3rd to July 23rd, 2011 is shown in Figure 12. It can be seen from the figure that before the occurrence of strong rockburst on July 20th, the occurrence regularity of microseismic events and the occurrence frequency of rockburst are regular. That is, the rockburst usually occurs on the day or adjacent to the peak of microseismic activity. As can be seen from Figure 12, during the 20 days of monitoring, the surrounding rock underwent four cycles of D-P (microseismic development transition period to microseismic peak period) process. The peak of four microseismic events occurred on July 6th (P1), July 10th (P2), July 15th (P3), and July 19th (P4), respectively. When the peak of the first microseismic event P1 arrived, no rockburst occurred. According to the 3S criteria, if microseismic events continue to accumulate in this area, it can be judged as a local high in-situ stress area as well as a rockburst hazard area, and the corresponding early warning and support measures should be made in time. Then the microseismic events developed to the transitional D2 experience. Subsequently, the second peak of microseismic events accumulated until the next day of P2 (July 11th), when moderate rockburst occurred. Similarly, the development and occurrence process of rockburst on July 17th was similar to that of the last rockburst, and it also experienced the microseismic development transitional period D3 and the microseismic event peak P3. Finally, the peak of microseismic event P4 appeared again, but the subsequent rockburst did not occur, so corresponding warning should be made. With the external disturbance, the stress was also accumulated, and finally on July 20th, a strong rockburst occurred. After the strong rockburst occurred, the stress was fully adjusted and released, so the microseismic events rapidly decreased and transitioned to a plateau in the following 2 days.
[image: Figure 12]FIGURE 12 | The histogram of relationship between microseismic events and time in diversion tunnel #3.
5.4 Cumulative Apparent Volume and Energy Index
Figure 13 shows the curve of cumulative apparent volume and energy index of diversion tunnel #3 over time from July 1st to July 20th, 2011. The warning stage and danger stage of rockburst can be divided based on the curves of energy index and cumulative apparent volume. During this period, the energy index and cumulative apparent volume experienced two rapid decreases and rapid increases. From July 4th to July 9th, the energy index decreased sharply while the cumulative apparent volume continued to increase. It shows that the rock mass has been seriously cracked and the risk of rockburst increases greatly. Then from July 9th to July 12th, the surrounding rock entered the rockburst danger stage. After the rockburst occurred on July 11th, the rock mass experienced another stage of rapid decline of energy index and continuous increase of cumulative apparent volume from July 12th to July 15th. Then the surrounding rock entered the rockburst danger period, and finally rockburst occurred on July 17th and July 20th.
[image: Figure 13]FIGURE 13 | A curve of accumulative apparent volume and energy index with time in diversion tunnel #3.
5.5 b Value
In the calculation process of b value, in order to avoid the large fluctuation and error of b value caused by too many or too few events in the selected range due to the large difference in the number of microseismic events generated every day. Therefore, when calculating the b value, the sliding window of equal time or equal number of microseismic events should be selected as far as possible to calculate the number of microseismic events and establish the spatial correlation length relationship. In this article, time is selected as the sliding window to select microseismic events. The time window sliding method of b value from June 28th to July 24th, 2011 is shown in Figure 14. In the calculation, b value is advanced by a sliding window of 7 days, and [image: image] ([image: image] is the seismic moment) is selected for the calculation. The b value of the construction drainage hole from June 28th to July 24th, 2011 is shown in Figure 15. It can be seen from the figure that before each rockburst, b value experienced a decline process, reaching a relatively low point in each stage, and then rising again. This process indicates that the number of major earthquake events in rock mass begins to increase. The proportion of large-scale microcracks in the total number began to increase, and the small-scale cracks merged. The spatial distribution of microcracks in the rock is transformed from disordered distribution to ordered self-organization, and this is a prominent feature of rockburst incubation. Especially from July 18th to July 20th, the slope of b value decline is the largest, which means that the rockburst intensity is also the largest.
[image: Figure 14]FIGURE 14 | A sketch map of time window sliding.
[image: Figure 15]FIGURE 15 | The b value varied with time in diversion tunnel #3.
6 DISCUSSIONS

(1) The precursor and warning stages of rockburst are divided by cumulative apparent volume, energy index, 3S index, and time series variation of b value, but the main parameters are not completely synchronized in time. There are several reasons for this. 1) Because different systems with selected parameters have different sensitivities to their responses, the time division of precursor stage and early warning stage of rockburst is also different, but the two are not contradictory. 2) In the process of data analysis of microseismic monitoring and rockburst prediction, some source parameters are greatly affected by uncertainties such as geological conditions, such as the event positioning accuracy, system sensitivity, waveform processing, and data analysis error. Therefore, the variation rules of these parameters should be referred, compared with each other, and considered comprehensively. In addition, the suggestions should be put forward and predicted based on the actual situation of the site.
(2) The relationship between rockburst and micro-fracture precursor is a sufficient and unnecessary condition, and it is not necessarily the occurrence of rockburst when the precursor features appear. The abrupt changes in seismic statistical parameters CAV, ACT, 3S index, and b value only represent a rapid deformation process of brittle rock mass. Then rebalanced by stress transfer and the energy release, it does not ultimately result in a rockburst. Although the relationship between rockburst and micro-fracture precursor is not sufficient and necessary, these micro-fracture precursor features can play a warning role in rockburst disaster. Thus, the loss of personnel and equipment may be reduced and the prediction and warning of similar tunnel rockburst is provided.
7 CONCLUSION

(1) The application of microseismic monitoring system and technology in rockburst monitoring of underground cavern of Jinping II Hydropower station provides effective technical measures for rockburst warning and dynamic prevention of tunnel engineering. By using the seismological theory to calculate the monitoring information quantitatively, the early warning parameters reflecting the precursor information of rockburst micro-fracture are obtained. It provides a theoretical basis for quantitative analysis and prediction of microseismic activity of deep-buried tunnels under the influence of excavation unloading.
(2) Through extraction and analysis of microseismic parameters, including microseismic event density and energy density, 3S index, cumulative apparent volume, energy index, and b value analysis, the combination of qualitative analysis and quantitative calculation can effectively and accurately identify the potential danger area of rockburst. In addition, it reveals the internal relationship between the evolution law of time, space, and intensity of microseismic activity and rockburst. The monitoring results show that there are obvious micro-fracture precursors before rockburst. Microseismic activity gradually evolved from spatial disordered distribution to ordered self-organization. The densities of microseismic events and microseismic energy expand around the nucleation region, and the cumulative apparent volume [image: image] increases suddenly. The energy index and b value drop sharply, and the 3S index has strong periodicity and regularity. The abnormal changes of these parameters can be the precursor information and early warning index of rockburst micro-fracture.
(3) Based on the study and analysis of source parameters, a multivariate early-warning method and model for rockburst monitoring in deep-buried tunnels are established. By comparing the rockburst records on the site, the prediction accuracy of this method is up to 80.6%, which has high accuracy and practicability. In addition, it also provides reference for the prediction and prevention of rockburst in this kind of tunnel engineering.
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Flexural toppling is one of the failure modes of anti-dip rocks, is often triggered by seismic load, occurs haphazardly under an earthquake scenario, and is characterized by high speed and extreme energy, leading to catastrophic disaster consequences and huge losses. However, there is limited literature that reveals its failure mechanisms and describes the failure surface due to earthquakes. Therefore, based on the limit equilibrium analysis method, the horizontal pseudo-static load was applied to improve the geological mechanical model under gravity only, and the stability analysis process was derived. The failure surface and failure mode of the slope under different seismic loads were analyzed. The results indicated that, with the increasing seismic load, an increase in the number of rock layers with sliding failure increased the number of rock layers with cantilever toppling failure; in contrast, the number of rock layers with overlapping toppling failure decreased. The slope toe was more prone to sliding and the slope top was more prone to cantilever toppling under an earthquake, which decreased the stability of the anti-dip rock slope.
Keywords: anti-dip rock slope, flexural toppling, limit equilibrium, seismic load, stability analysis
INTRODUCTION
An anti-dip rock slope (Zuo et al., 2005) is a common geological feature worldwide, existing not only in mountainous areas, but also along engineered slopes such as highways, railways, water and hydropower stations, and mining projects. It usually experiences flexural toppling failure under the action of gravity. The corresponding toppling failure is a typical instability mode of rock slopes (Hungr et al., 2014). It has better stability than an inclined one, but is substantially more difficult to identify although the developed 3S technologies and AI algorithms (Huang, 2007; Huang et al., 2021a; Huang et al., 2021b). Its failure varies from several surface blocks toppling to large-scale toppling (Huang et al., 2017), and develops from slowly to extremely rapidly (Bobet, 1999). The failure of this type of rock slope is often triggered by seismic loads (Keefer, 1984; Keefer, 2002; Huang and Li, 2009; Xu et al., 2009). Various field investigations have indicated that the failure of anti-dip rock slopes occurs haphazardly under an earthquake scenario and is characterized by high speed and extreme energy, leading to catastrophic disaster consequences and huge losses (Xu et al., 2009; Zhao et al., 2010; Chen and Teng, 2011; Ka et al., 2011; Li et al., 2011; Huang et al., 2013a; Nonomura and Hasegawa, 2013), arousing widespread concern in society, especially since the 2008 Wenchuan earthquake.
Goodman and Bray (Goodman and Bray, 1976) summarized toppling failures of anti-dip rock slopes into three types: block toppling, flexural toppling, and block-flexural toppling. The methods used to investigate the stability of anti-dip rock slopes under seismic loads include field investigation as mentioned above, analytical solution, numerical simulation, and physical experiment.
Among them, in particular, shaking table tests, which have been proven to be an effective approach to study both the dynamic response and failure process of anti-dip rock slopes, have been extensive applied, especially with the last 10 years. Chen et al. (Chen et al., 2020) modeled block toppling by conducting a series of shaking table tests. Aydan and Amini (Aydan and Amini, 2009) investigated the effect of seismic loads on the failure of a single column and rock slopes with the potential of flexural toppling. Huang et al. (Huang et al., 2013b) modeled the failure process of the Guantan landslide induced by the Wenchuan earthquake using a shaking table test. Fan et al. (Fan et al., 2016) studied the dynamic response and failure mode of bedding and anti-dip model slopes with weak interlayers, the dip angle was gentle, 8°. Correspondingly, Li et al. (Li et al., 2017), as well as Liu et al. (Liu et al., 2021), carried out large-scale shaking table tests to study the dynamic response of steep bedding and anti-dip rock slopes, their dip angles were 60°, 65°, and 70°. Furthermore, Yang et al. (2012) and Feng et al. (2019) performed shaking table tests to investigate the dynamic response of the anti-dip slope model, considering not only the strata, but also the structural joints.
Meanwhile, numerical simulations were performed. Yagoda-Biran and Hatzor (Yagoda-Biran and Hatzor, 2013) proposed a failure mode diagram and verified it using discontinuous deformation analysis (DDA) to investigate the effect of pseudo-seismic loads on block toppling and sliding failure. Miki et al. (2010) simulated block toppling using the Niigata Chuetsu earthquake recorded by the coupled DDA-NNM method. Feng et al. (2019) performed DDA simulations to investigate block toppling under a sinusoidal wave. Zhang et al. (2015) conducted universal distinct element code (UDEC) simulations to study flexural toppling failures under strong motion records from Wenchuan, Ludian, and Minxian. Ning et al. (2019) and Liu et al. (2021) studied block-flexural toppling on anti-dip rock slopes under seismic load using UDEC and FLAC, respectively, by analyzing the failure mode process for a prototype slope of the corresponding large shaking table test.
From the view of theoretical solution, Liu and Chen (2010) adopted the concept of the transfer coefficient, and derived an analytical approach for assessing the block toppling failure of rock slopes due to earthquake, based on Goodman and Bray (Goodman and Bray, 1976). Guo et al. (2017) also proposed an analytical solution for the block toppling failure of rock slopes during an earthquake based on the limit equilibrium method. Zheng et al. (2014) presented explicit expressions for the condition that block slenderness is relatively large. Zhang et al. (2018) deduced the analytic formula of block-flexural topping failure, and investigated the effect on the failure mode and stability subjected to seismic loads.
With the implementation of the development strategy of China’s vast western regions, there have been constructions of various large-scale infrastructures, and it is urgent to systematically study the problems of slope geological disasters under complex environments or extreme conditions. However, it is not difficult to point out that quantitative studies on toppling failure under dynamic loads are seldom reported in the current literature, compared to those on bedding landslides. Therefore, in this study, a mechanical model of anti-dip rock slopes was established with a horizontal pseudo-static load acting to analyze the slope failure mechanism and explode the failure surface under different seismic loads. The findings are of great scientific and engineering significance to prevent the deformation and instability of rock slopes, formulate earthquake prevention and disaster reduction plans and emergency response measures, and safeguard the construction and operation of major infrastructure.
ANALYSIS OF THE FLEXURAL TOPPLING FAILURE UNDER PSEUDO-SEISMIC LOAD
Geological Geometric Model
Chen et al. (2016) developed a geological geometric model of flexural toppling failure of anti-dip rock slopes under gravity (Figures 1, 2). The limit equilibrium analysis method was used to carry out a theoretical analysis of the mechanical model of the flexural toppling failure of anti-dip rock slopes. This study introduced pseudo-seismic load to it to investigate the flexural toppling failure under an earthquake scenario. The failure surface was detected using the analytical method to explore the failure modes.
[image: Figure 1]FIGURE 1 | Geological model of flexural toppling failure (modified from Chen et al. (2016).
[image: Figure 2]FIGURE 2 | Failure mode zoning of flexural toppling (modified from Chen et al. (2016).
The intermediate parameters are defined as:
[image: image]
Based on the geometric relationship, the slope length is:
[image: image]
The rock height on the left of the failure reference plane is given as:
[image: image]
The rock strata were numbered from the slope toe, and the rock stratum at the top of the slope is
[image: image]
where int is the rounding function.
[image: image]
Therefore, the height of any rock on the failure surface is:
[image: image]
where i is the rock number, [image: image] is the height at the right of the top rock stratum, t is the thickness of the rock stratum, [image: image] is the angle of the surface normal, [image: image] is the slope angle, [image: image] is the natural slope angle, [image: image] is the angle between the horizontal plane and the sliding-toppling zone, and [image: image] is the angle of the rock strata.
The self-weight of any rock above the failure surface is given as:
[image: image]
[image: image]
where [image: image] is the unit weight of the rock mass.
Analytical Method
To simplify the mechanical analysis of flexural toppling failure in slope, the following assumptions were proposed based on the mechanism of flexural toppling failure:
1) Failure mode zoning: The rock slop failure started from the slope toe and the failure zones were divided into sliding, overlap toppling, and cantilever toppling zones.
2) Reference failure surface: The failure surface of flexural toppling failure of anti-dip rock slopes was a fold line. The boundary between the overlap and cantilever toppling zones determined the point of contra flexure; the failure was step-type above the boundary and straight line-type below the boundary.
3) When the rocks in the sliding-toppling zone failed, the interface and bottom of the adjacent rock layer met the limit friction equilibrium conditions.
4) Taking the rock strata layer as the basic element, the force on the layer was simplified as a concentrated force on point [image: image], [image: image].
5) The safety factor of rock layers with failure potential was equal to the safety factor of the slope.
Since the slope failure started at the slope toe, a stability analysis procedure was performed from the slope toe to the top.
First, the limit equilibrium analysis of rock strata layer #1 at the slope toe was carried out under the horizontal pseudo-static load [image: image]. The models are shown in Figure 3, where [image: image] is the tangential force between strata, [image: image] (sliding failure) or [image: image] (toppling failure) ([image: image] is the internal friction angle of between strata), W1 is self-gravity, and [image: image] and [image: image] are the tangential and normal forces at the bottom of the layer, respectively.
[image: Figure 3]FIGURE 3 | Limit equilibrium analysis of rock mass (A) Diagram of sliding failure in stratum layer; (B) Diagram of toppling failure, #1 at slope toe under horizontal pseudo-static load.
When the rock strata layer at the slope toe was analyzed according to the shear-sliding failure mode, the limit equilibrium analysis method was used to analyze the force along the failure surface. When rock strata layer #1 experienced sliding failure, the minimum force of rock strata layer #2 pushing on rock strata layer #1 is given as:
[image: image]
[image: image]
where [image: image] is the safety factor of the slope, [image: image] = total anti-sliding force/total sliding force, [image: image] is the cohesion between the rock masses, and [image: image] is the internal friction angle of the rock.
The rock layer at the slope toe was analyzed according to flexural toppling, and the rotating axis was at the center of the bottom surface. According to the beam-plate bending theory, the minimum force of rock strata layer #2 acts on rock strata layer #1 when rock layer #1 is toppled:
[image: image]
where [image: image] is the tensile strength of the rock; and [image: image] is the polar inertia moment of the rock per unit width, [image: image].
Then, the failure mode of rock strata layer #1 at the slope toe is:
[image: image]
Similarly, under the horizontal pseudo-static force, shear sliding failure occurred below rock strata layer i. As shown in Figure 4, the minimum force required from the upper rock strata layers is given as:
[image: image]
[image: Figure 4]FIGURE 4 | Limit equilibrium analysis of rock mass shear failure below stratum layer #i under horizontal pseudo-static load.
Flexural toppling failure occurred below rock strata layer i (Figure 5). The minimum force required from upper rock layers is:
[image: image]
[image: Figure 5]FIGURE 5 | Limit equilibrium analysis of rock mass toppling failure in stratum layer #i under horizontal pseudo-static load.
It can be seen from the above two equations that when the rock strata layers nst and nst+1 failed, the rock layer nst was the boundary of the overlap toppling zone and the sliding zone, the force of the upper rock strata layers should satisfy as:
[image: image]
The mechanical model of the overlap toppling zone is shown in Figure 6. For the rock layer to experience flexural toppling failure, the minimum force required from the upper rock layers is:
[image: image]
[image: Figure 6]FIGURE 6 | Limit equilibrium analysis of rock mass toppling failure above stratum layer #i under horizontal pseudo-static load.
The boundary of the overlap toppling zone and cantilever toppling zone (rock layer nct) is determined by the following system of inequalities:
[image: image]
If these inequalities are satisfied, the boundary range can be determined.
After the rock layer in the sliding zone and the cantilever toppling zone were damaged, a cantilever section appeared in the trailing edge. There was no contact between the rock layer in the cantilever toppling zone; hence, the interlayer force became zero (Figure 7). The stability analysis was converted into an “independent cantilever beam” problem. Lu et al. (Lu et al., 2012) derived the equation of critical fracture depth of a single rock layer based on the “independent cantilever beam model.” On this basis, a horizontal quasi-static force was applied in this study, as shown in Figure 7, and the critical instability length was obtained as follows:
[image: image]
where,
[image: image]
[image: Figure 7]FIGURE 7 | Critical instability length.
When the height of the rock layer in the cantilever toppling zone was greater than hsr, a multi-level fracture may occur. When the fracture depth of all rock layers was determined, the midpoints of the last fracture surface of each rock layer were connected to obtain the complete failure surface.
Determination of Slope Stability
An iterative calculation was carried out using Eqs. 13, 14 considering the slope toe to the slope top. The boundary of the sliding zone and the overlap toppling zone was determined using Eq. 15. Then, the force on the flexural toppling zone was obtained using Eq. 16. If Eq. 17 is satisfied, the rock layer nct is found. If Eq. 17 is not satisfied, there is no cantilever section, that is, a force is needed for the failure of each rock layer. The last rock layer needs additional external force F0 to meet the force requirements. Since this external force does not exist for the actual slope, it can be used to determine the slope stability as represented in the equation below.
[image: image]
where [image: image] is the minimum external force required for slope failure, and
[image: image]
In summary, when [image: image], the slope is unstable; [image: image], the slope is of the limit equilibrium state, and [image: image], the slope is about to deform and fail. Where rock strata layers [1, nst] have a sliding failure, rock strata layers [nst, nct] have overlap toppling failure, and layer nct and above have cantilever toppling failure.
Failure Surface Search
Based on the above mechanical analysis, the key parameter to determining the failure surface is to find the angle [image: image] between the failure surface and the rock surface normal, as well as the two boundary rock layers: 1) boundary of the sliding zone and the overlap toppling zone nst, 2) boundary of the overlap toppling zone and the cantilever toppling zone nct. Therefore, the safety factor of the slope was determined first. Based on the geometric slope model and mechanical analysis, the safety factor of the slope is a function of the geometric parameters, mechanical parameters, strength parameters, failure surface, and other loads of the slope:
[image: image]
where F is other loads on the slope.
For a given slope, except for [image: image], all parameters are known; hence, to calculate the slope and other parameters, the value of [image: image] is first determined.
The cut slope surface was set as the upper searching limit, while the surface normal was the lower limit; therefore, the failure surface could be obtained based on the condition of minimum FS.
Step 1: For a given initial [image: image], the value of FS is changed using the bisection method. The values of FS, nst, and nct that cause slope instability at [image: image] when F0 = 0 are obtained, and the initial failure surface is also obtained. A safety factor can also be obtained; however, it is not necessarily the minimum value. Hence, the next search is carried out as follows:
Step i: Similarly, for a given value [image: image], [image: image] is the calculation step length, and Fs is changed using the bisection method. Then, the values of FSi, nst, and nct corresponding to [image: image] at step I are obtained, and the failure surface of step i is determined.
Final step: When the angle is [image: image], the corresponding FS reaches the smallest value. Then [image: image] is the angle of the failure surface, and the FS, nst, and nct are the final boundary layers.
CASE ANALYSIS
To verify the reliability of the method proposed in this study, the anti-dip rock slope in southern Anhui was taken as a case study. The slope model is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Geometric description of the anti-dip rock slope model in southern Anhui.
The slope model showed the following parameters: height H = 40.0 m, distance between structural planes t= 1.0 m, rock unit weight [image: image] = 27.0 kN/m³; natural slope βg = 0°, slope inclination βc= 55°, bedding layer normal inclination β = 27°, the internal friction angle of the rock mass [image: image] = 45° the layer internal friction angle [image: image] = 18°; the rock cohesion c = 0.10 MPa, the tensile strength of the rock [image: image] = 1.5 MPa, the elastic modulus E = 9.98 GPa; and the Poisson’s ratio [image: image] = 0.30.
A horizontal quasi-static force F= 0.2 g was applied to the slope, and the above search method was used to determine the failure surface (Table 1). The critical instability length was 6.46 m, implying that a secondary fracture occurred in the cantilever toppling zone, and the failure area increased significantly. The failure surface is shown in Figure 9.
TABLE 1 | Calculation table of failure plane search of the south Anhui slope under the action of a horizontal quasi-static force.
[image: Table 1][image: Figure 9]FIGURE 9 | Failure surface and instability zoning of the anti-dip rock slope in southern Anhui (cantilever toppling zone; overlap toppling zone; sliding zone).
To further explore the influences of seismic load on the failure of anti-dip rock slopes, the slope failure modes under different seismic loads, i.e., 0.4, 0.6, 0.8, and 1.0 g were analyzed, and the results are shown in Table 2. According to the results, the slope failure surface and failure zone are identified in Figure 10. The red, green, and blue areas are the sliding, overlap toppling, and cantilever toppling zones, respectively.
TABLE 2 | Stability and zoning of the anti-dip rock slope in southern Anhui under different seismic loads.
[image: Table 2][image: Figure 10]FIGURE 10 | Stability analysis of the anti-dip rock slope in southern Anhui under different seismic loads. (A) Stability analysis at 0.2 g acceleration; (B) Stability analysis at 0.4 g acceleration; (C) Stability analysis at 0.6 g acceleration; (D) Stability analysis at 0.8 g acceleration; (E) Stability analysis at 1.0 g acceleration.
With the increasing seismic load, the failure surface of the sliding-toppling zone decreased significantly, and as the critical fracture depth of the cantilever toppling zone decreased, the failure surface of the cantilever toppling zone increased significantly. Moreover, as the sliding zone increased, the overlap toppling zone decreased, and the cantilever toppling zone consequently increased. The multi-level fracture occurred when the seismic acceleration was large. Therefore, the stability of rock slopes decreased under seismic loads. As the number of rock strata layers with overlap toppling failure decreased, the number of rock layers with cantilever toppling and rock layers with sliding failure increased. The axial stress of the rock block was increased and became closer to reaching the tensile strength of the rock block due to the influence of seismic force. Hence, combined with the enhanced sliding potential of the sloping block, the cantilever toppling rock increased significantly.
CONCLUSION
In this paper, the pseudo-static method was used to establish the mechanical model of an anti-dip rock slope, analyze the failure mode and mechanism, explore the failure surface and evaluate the stability of the slope under different seismic loads, and obtain the following main conclusions:
1) The slope stability decreased under seismic load, and with the increasing seismic load, the sliding area increased, whereas the overlap toppling zone decreased.
2) The decrease in the critical fracture depth of the cantilever toppling zone firstly increased the area of the cantilever toppling zone, but the area finally decreased under a significant strong earthquake scenario.
3) An increase in the number of rock layers with sliding failure increased the number of rock layers with cantilever toppling failure; in contrast, the number of rock layers with overlapping toppling failure decreased.
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Research on early warning of rock disaster based on the energy theory is closer to the essence of rock failure. In this paper, static compression tests and acoustic emission (AE) tests of coal rock under 0, 8, 16, and 25 MPa confining pressures were carried out on the MTS815 test system. Energy evolution law in the rock failure process was analyzed according to the relationship between mechanical parameters, AE parameters, and energy dissipation rate (EDR) in the rock failure process. Eventually, a new index for evaluating rock failure precursors was proposed based on EDR. The results show that the EDR has a good correlation with mechanical strength and AE events under different confining pressures. The deformation and failure characteristics of coal rock can be truly characterized by EDR. The variation of EDR can be divided into a quiet stage, a stable increasing stage, an active stage, and a stable stage. The EDR level in the quiet stage is obviously enhanced by confining pressure. When EDR reaches the peak, AE events increase rapidly. In the active stage, the EDR peak value is concentrated and large, the AE event is highly active, and stress drops abruptly, indicating that the EDR is reliable for evaluating the rock failure process. Compared with AE test results, it is found that the warning stress and warning time of the EDR failure precursor occur later than that of the AE failure precursor, and the former is closer to the peak stress of rock, which is more universal in engineering and could provide a better reference value for preventing rock disaster.
Keywords: energy dissipation rate, confining pressure, failure precursor, acoustic emission, evolution of rock failure
INTRODUCTION
The research on early warning of rock disaster has been of concern to many scholars. As common catastrophic accidents in underground engineering (such as mining, tunnel, and water conservancy engineering), rock burst and large deformation of soft rock not only cause significant property losses, but also pose a serious threat to the safety and productivity of underground projects (Jiang et al., 2017; Zhang et al., 2017). In terms of engineering practice, drilling method (Qin et al., 2019), infrared radiation, electromagnetic radiation (Tian et al., 2016; Zhou et al., 2019; Zhou C. H. et al., 2020), microseism (Cai et al., 2014; He et al., 2017; Wang et al., 2021), and other early warning monitoring methods have been widely used in underground engineering, playing an important role in disaster early warning. However, most of them are present in existing projects, and all come from the site monitoring and conceptual model of the project. How to reveal the mechanism of rock disaster, how to prevent rock disaster in advance, and how to optimize the measures of prevention and control should be based on experimental research and engineering numerical simulation.
In laboratory tests, the characteristics of rock failure precursors can be discussed from a macrocosm and a microcosm point of view. In the macroscopic aspect, failure precursor characteristics of stress, strain, and macro-failure morphology are analyzed, while energy, crack (Gao et al., 2021a; Gao et al., 2021b), infrared thermal image, acoustic emission, and other auxiliary means are used in the microscopic aspect. Among them, acoustic emission (AE) monitoring can be used to evaluate rock damage by detecting the location, direction, and size of AE sources during rock deformation and failure (Liu et al., 2014; Du et al., 2020; Yang et al., 2020). It is one of the most commonly used indoor test methods to realize the guidance of indoor test to the engineering field. Through research, it is found that the abrupt change of AE time series parameter or AE accumulative parameter before rock failure can be regarded as the precursor character of rock failure (Li et al., 2016; Liu et al., 2020a). Zhao found that the minimum frequency centroid of an acoustic emission signal can serve as a precursor to rock failure (Zhao et al., 2020a). The quiet period of acoustic emission before rock failure can also indicate that rock failure is imminent (Ai et al., 2011; Guo and Wong, 2020). However, in contrast to actual project monitoring, the researchers found that the quiet period of acoustic emission from coal rock prior to a gas or rock burst did not correlate well with the time of the disaster (Li et al., 2019). Therefore, there are some limits in the prediction of failure precursors by acoustic emission, and the prediction methods of rock failure precursors need to be further studied.
It is worth mentioning that the essence of rock disaster is that the rapid release of elastic energy in rock leads to the instability and failure of rock. As the core driving force of rock failure, energy can better combine theory with engineering practice (Xie et al., 2008). It is more universal to explain the failure mechanism of rock in terms of energy. Research shows that the energy characteristics of rock deformation and failure vary with the storage environment (Li et al., 2014; Zhao et al., 2015; Junthong et al., 2019; Zhou Z. et al., 2020; Ma et al., 2021). Research shows that the energy characteristics of rock deformation and failure vary with the storage environment (Si and Gong, 2020; Xie et al., 2021). Xie revealed the failure mechanism of rock from the energy point of view and established the strength and failure criterion of rock based on the energy theory (Xie et al., 2005). Based on energy theory, many scientists have established predictive indicators of rock hazard strength grades, such as the peak strength strain energy index (Gong et al., 2019), impact energy index (Yaodong et al., 2011), index of residual elastic properties (Gong et al., 2021), and failure strength index (Gao et al., 2020). However, these indicators cannot meet the requirements of early warning. In the study of energy failure precursors, Hou proposed that took the abrupt point of elastic-loss ratio as the precursor point of rock failure (Hou et al., 2021). Based on energy dissipation and energy release, Xu established a model for predicting rock failure cusp catastrophe, which can be used to predict rock failure precursors from an energy perspective (Xu et al., 2020). However, the study of rock energy mainly focuses on the total energy or the energy at peak stress, and the qualitative analysis of energy evolution in the rock failure process is emphasized. There are few studies on the law of energy changing with time, and the prediction of energy destruction is not deep enough.
In this paper, static compression tests and acoustic emission location test (AE) for coal rocks are carried out based on the MTS rock mechanics test system under different confining pressures. Focusing on the mechanical properties and acoustic emission characteristics of rocks under different confining pressures, energy evolution law in the process of rock deformation and failure is discussed, and the characteristics of energy dissipation rate are further emphasized. Finally, the prediction method of rock failure precursor based on energy dissipation rate is proposed, and its applicability and accuracy are verified by acoustic emission failure precursor.
EXPERIMENTAL THEORY
Sample Preparation and Test Plan
Coal rocks from Furong Baijiao coal mine in Sichuan, China were used in the test. The main mineral compositions of coal samples were determined as SiO2 and AlPO4 determined by X’Pert Pro MPD diffractometer. The contents of elements in coal and rock were analyzed by x-ray fluorescence, as shown in Table 1. The coal rocks in Baijiao coal mine mainly contain three elements, carbon, oxygen, and silicon, of which sulfur accounts for 0.8656% and belongs to sulfur-rich coal rocks. In order to minimize the influence of manual operation on the properties of coal rock, the whole and block coal rock are sampled, and cut and polished uniformly, and the flatness of both end is not more than 0.05 mm. According to the method recommended by the International Society of Rock Mechanics, coal rocks are prepared into ф50 mm × L100 mm cylindrical standard specimens (Ulusay, 2015), as shown in Figure 1. Before the test, both ends of the specimen was coated with Vaseline to reduce the influence of inertia effect and end contact friction effect on compression test.
TABLE 1 | X-ray fluorescence analysis of coal and rock.
[image: Table 1][image: Figure 1]FIGURE 1 | Coal rock sample.
In order to study the effect of confining pressure on the energy dissipation rate of rock, the static compression tests of coal rock under the confining pressures of 0, 8, 16, and 25 MPa were carried out. All are loaded with a static strain rate of 10−5 s−1. Three repeated tests were carried out under each confining pressure, and a total of 12 tests were conducted. The basic characteristics of the samples are shown in Table 2.
TABLE 2 | Basic characteristics of coal rock samples.
[image: Table 2]Test System
The static compression test of coal rock adopts MTS815 rock mechanics test system and equipped with PCI-2 acoustic emission positioning test system, as shown in Figure 2. The strain rate of 10−5 s−1 is loaded along the axial direction of the specimen, and it is controlled by LVDT. The PCI-2 acoustic emission positioning test system is equipped with 8 acoustic emission sensors, and the installation position is shown in Figure 3. Considering the low intensity of coal rock and the fast attenuation of acoustic wave, in order to reduce the influence of noise during loading, the threshold value of acoustic emission signal acquisition is set to 40 dB.
[image: Figure 2]FIGURE 2 | Test system (1, Acoustic emission data acquisition and processing system; 2, MTS data acquisition and control system; 3, Ultrasonic collecting and processing system; 4, MTS loading system; 5, Acoustic emission probe; 6, Axial extensometer; 7, Transversal extensometer).
[image: Figure 3]FIGURE 3 | Arrangement of acoustic emission sensors.
Calculation Method of Rock Energy
According to the Eqs 1–3, the total energy, elastic energy and dissipative energy of coal and rock are calculated (Xie et al., 2005; Xie et al., 2008).
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where [image: image] is the loading time. [image: image] is the total energy input by the test system. [image: image] is the elastic energy stored inside coal rock. [image: image] is the dissipative energy in the process of coal rock failure. [image: image] is the stress of coal and rock at any time. [image: image] is the strain of coal rock at any time. [image: image] is the elastic modulus of coal rock at any time, and it is regarded as the slope of elastic stage of axial stress–strain curve in this paper; 1 represents axial direction, 2 and 3 both represent circumferential direction.
The energy dissipation rate (EDR) can reflect the process of rock deformation and failure and is calculated by Eq. 4 (Feng et al., 2018).
[image: image]
RESULTS
Analysis of Mechanical Characteristics
The peak stress of the stress–strain curve is an important physical parameter in engineering application, which is seen as compressive strength. The compressive strength and elastic modulus of coal rock under different confining pressures are shown in Figure 4. From the diagram, it can be seen that with the increase of confining pressure, compressive strength increases exponentially, and the elastic modulus of coal rock increases in a quadratic function. It is not difficult to see that confining pressure significantly enhances the compressive strength and elastic modulus of coal rock. This is because internal fissures of coal rock are closed tightly under the confining pressure, and its deformation and failure are restrained. With the increase of confining pressure, the energy storage limit of coal rock is raised, the bearing capacity is improved obviously, and its ability to resist deformation and failure is also enhanced.
[image: Figure 4]FIGURE 4 | Compressive strength and elastic modulus of coal under different confining pressures.
According to the size grades of 0.25, 0.5, 1.0, 5.0, 10.0, 20.0, 40.0, and 50.0 mm, the coal rocks were screened, as shown in Figure 5. From the block after screening, it can be seen that the axial splitting failure of coal rock is dominant under 0 MPa, the coal rock fragmentation is more serious, and the medium size coal rock fragment is more. The reason is that coal rock is unconstrained laterally under 0 MPa, and the accumulated energy is released laterally under axial load. Therefore, the internal cracks mainly extend in the form of tension cracks, forming the failure mode of axial splitting. With the increase of confining pressure, shear failure mainly occurs in coal rock, and there are larger blocks and more powder rock particles after failure. The higher the confining pressure is, the larger the fragment size is and the more the powder particles are. Under the effect of confining pressure, the internal fissures of coal rock are closed tightly, and the deformation and failure of coal rock are restrained. Under axial compression, coal rocks often slip and friction along the internal weak cementation surface until shear failure. These powder particles are mainly caused by frequent friction on the weak cementation surface.
[image: Figure 5]FIGURE 5 | Screen diagram of broken coal-rock block. (A) 0 MPa, (B) 8 MPa, (C) 16 MPa, (D) 25 MPa.
AE Characteristics
The propagation and development of internal cracks in coal rock make the energy transfer outside in the form of elastic wave. The acoustic emission information can be monitored and collected during this period. The cumulative number of AE events and AE energy of typical coal rocks under different confining pressures are shown in Figure 6. In order to better observe the distribution of AE at low energy, the breakpoints of some vertical coordinates are processed. As shown in Figure 6, the stress–strain curves can be roughly divided into the compaction stage (OA), the linear elastic stage (AB), the yield stage (BC), and the post-peak failure stage (CD), which is consistent with these references (Li et al., 2014; Liu et al., 2020b; Xie et al., 2021). As can be seen from the diagram, AE events seldom occur in the compaction stage and the linear elastic stage. In the yield stage, the AE events increase slowly and the cracks begin to grow. When the stress increases to a certain extent, the crack propagation speed increases and the AE activity becomes active. Around the peak stress, the AE activity is particularly intense, often accompanied by high-energy AE events, which shows that the crack inside the rock has been greatly expanded.
[image: Figure 6]FIGURE 6 | Acoustic emission characteristics of coal under different confining pressures. (A) 0 MPa, (B) 8 MPa, (C) 16 MPa, and (D) 25 MPa.
From the distribution of AE in Figure 6, it can be seen that the AE activity of coal rock under 0 MPa is mainly concentrated in the pre-peak yield stage. With the increase of confining pressure, the AE activity decreases before the peak stress, and mainly distributes in the post-peak failure stage. The reason is that the deformation and failure of coal rock are restrained under confining pressure, and the internal fissures of coal rock are closed tightly so that they are not easy to expand and develop in the pre-peak stage. After the peak stress, the internal cracks penetrate coal rock, the specimen loses its bearing capacity, and the whole structure suffers severe damage. The crack is easy to expand and develop under the load disturbance. According to the number of accumulated AE events, the total number of AE events of coal rock under 0 MPa is less, so the coal rock is broken into small and medium blocks. The total number of AE events under triaxial condition is more than that under uniaxial condition. Confined by confining pressure, micro-cracks mainly occur in the slip and friction parts of weak structural plane. Therefore, under the confining pressure, the fine particles of coal rock are more obvious. With the increase of confining pressure, the accumulated number of AE time and the maximum energy of AE decrease obviously, which indicates that confining pressure can restrain the deformation and failure of coal rock obviously.
Law of Energy Evolution
According to Eqs 1–3, the total input energy, elastic energy, and dissipative energy in the whole process of coal rock failure are calculated, as shown in Figure 7. As can be seen from the diagram, with the increase of confining pressure, the energy level of coal rock obviously increases. With the increase of stress under different confining pressures, the total energy input from outside increases continuously, and the growth rate increases first and then decreases. In the compression stage, the internal cracks and cemented particles of coal rock slip, squeeze and friction under axial load, and the internal cracks of coal rock gradually close. During this period, there will be less acoustic emission activity, less energy dissipation, and elastic energy increases slowly. In the elastic stage, the input energy is stored in the rock mass, and the crack is not expanded, the AE activity is quiet, and the energy of coal rock is not dissipated. When the stress reaches the yield point, the cracks in coal rock begin to initiate, expand, and merge. The AE activity becomes active, the elastic energy increases slowly, and the dissipated energy increases gradually. When the peak stress is reached, the elastic energy of coal rock reaches the energy storage limit, the crack penetrates rock sample, and energy is released intensely. In the post-peak stage, the joint action of energy release and energy dissipation leads to the continuous development of cracks and the frequent AE activities, which leads to the aggravation of coal rock damage. The internal elastic energy of coal rock is released continuously, and the dissipation energy is increased continuously. The energy evolution traits are consistent with previous studies (Zhao et al., 2020b; Ma et al., 2021).
[image: Figure 7]FIGURE 7 | Stress–strain curve and energy evolution process of coal and rock. (A) 0 MPa, (B) 8 MPa, (C) 16 MPa, (D) 25 MPa.
The energy characteristic values at the peak stress of coal rock under different confining pressures are shown in Table 3. When the confining pressure increases from 0 to 25 MPa, the average values of total energy are 0.028, 0.335, 0.701, and 1.251 J, the average values of elastic properties are 0.019, 0.225, 0.450, and 0.606 J, and the average dissipation energy values are 0.009, 0.111, 0.252, and 0.645 J, respectively. It can be seen that with the increase of confining pressure, the total energy, elastic energy, and dissipated energy of coal rock increase greatly. Under the restraining action of confining pressure, the higher the confining pressure, the higher the closure degree of the primary fracture, the stronger the elastic energy accumulation ability, the more difficult the coal rock failure, and the more energy dissipation is needed. It shows that in deep underground engineering, more energy will be released and the damage will be more severe if the rock is damaged catastrophically. As can be seen from Table 3, with the increase of confining pressure level, the difference of dissipated energy of coal rock increases gradually under the same confining pressure, which shows that the crack propagation law is not identical even under the same occurrence environment. The evolution of the crack is mainly determined by the primary defects in coal rock. It is not difficult to see that the failure process of rock under confining pressure cannot be well reflected by a single energy dissipation index. It is necessary to analyze the whole process of energy evolution. In addition, Hou thinks that when the elastic energy and dissipative energy of rock are equal, it can be regarded as the precursor point of rock failure (Hou et al., 2021). However, as can be seen from Figure 7, the failure precursor cannot be found at 25 MPa. It can also be seen from Table 3 that the energy failure precursors based on the ratio of elastic energy and dissipation energy are not necessarily applicable. Therefore, it is necessary to carry out an in-depth study on the damage precursor and put forward more applicable indicators of damage precursor.
TABLE 3 | Energy characteristics of peak stress of coal rock.
[image: Table 3]Energy Dissipation Rate
In order to further study the evolution of dissipative energy under different confining pressures, the change rate of dissipative energy relative to axial strain, namely, energy dissipation rate (EDR), is calculated according to Eq. 4. The energy dissipation rate curves of coal rock under different confining pressures are shown in Figure 8. As can be seen from the diagram, the energy dissipation rate is mainly concentrated in the range of −200–200 J cm−3. In the compression stage and elastic stage, little energy dissipation occurs in coal rock, and the fluctuation of energy dissipation rate is relatively quiet. With the increase of stress, the deformation and failure of coal rock increase after entering the plastic stage. The crack is constantly germinating, expanding, and developing. The fluctuation degree of energy dissipation rate increases. Near the peak stress, the level of energy dissipation rate will generally increase. After the peak stress, the fluctuation of energy dissipation rate becomes more severe. Especially when the stress drops rapidly, the energy dissipation rate will have a large positive or negative value. This is because the original intact structure of coal rock was seriously damaged, quickly lost the bearing capacity, and suddenly released a large amount of energy when the rock cracks run through at the peak stress. In the post-peak stage, the structure of coal rock was adjusted to a temporary structure with a certain bearing capacity after the dislocation and slippage of coal rock along the internal defective surface, and continued to fail slowly under the action of axial load. It is shown by a slow decrease in stress. As a result, the cracks are more easily developed on the existing defects, and the energy dissipation is strengthened and the energy dissipation rate fluctuates greatly. When the stress of coal rock reaches the residual stage, the fluctuation of energy dissipation rate decreases and remains in a certain range. This is because there are more internal cracks in post-peak than pre-peak, and the continuous propagation of cracks will dissipate more energy, which results in higher energy dissipation rate in the residual stage than in the pre-peak stage. Therefore, according to the change law of EDR, the process of rock failure can be roughly divided into a quiet stage, a stable increasing stage, an active stage, and a stable stage.
[image: Figure 8]FIGURE 8 | Energy dissipation rate of coal rock under different confining pressures. (A) 0 MPa, (B) 8 MPa, (C) 16 MPa, (D) 25 MPa.
Before the peak stress, the energy dissipation rate under different confining pressures is mainly kept in a certain range, and the fluctuation range is small. The EDR was maintained in the range of 0.1–7 J cm−3 at 0 MPa, 3–10 J cm−3 at 8 MPa, 10–20 J cm−3 at 16 MPa, and 20–40 J cm−3 at 25 MPa. It is not difficult to see that with the increase of confining pressure, the level of energy dissipation rate before the peak stress has increased obviously. The reason is that the deformation and failure of surrounding rock is restrained by confining pressure. The larger the confining pressure is, the stronger the confining effect is. When energy is the same, the slow increase of strain makes energy dissipation rate increase. In addition, the fluctuation range of the energy dissipation rate shows that with the increase of confining pressure, the fluctuation of the peak energy dissipation rate increases, but the level of energy dissipation rate is not high. It is shown that the increase of confining pressure enhances the microcrack growth before the peak stress. With the increase of confining pressure, the fluctuation of energy dissipation rate becomes more frequent and the level of energy dissipation rate is higher in the post-peak failure stage. The results show that the increase of confining pressure makes the damage of coal rock more serious in the post-peak stage, and the main reason is the passing of local cracks.
DISCUSSION
Relationship Between Energy Dissipation Rate and Crack Propagation
From the above analysis of acoustic emission, it can be seen that the acoustic emission information reflects the characteristics of rock damage evolution. However, the acoustic emission information collected by acoustic emission (AE) acquisition equipment will be seriously disturbed by the noise in the practical rock engineering. The crack propagation and damage evolution in the process of rock failure are discussed from the view of energy, which is closer to the essence of rock failure. In order to study the relationship between the energy dissipation rate and the crack propagation, the energy dissipation rate is compared with the acoustic emission information.
The relationship between the energy dissipation rate and the number of AE events during rock failure under different confining pressures is shown in Figure 9. In the diagram, the blue circles show where the AE increases rapidly, and the black circles show where the stress decreases rapidly. From the diagram, it can be seen that the energy dissipation rate in the local area before the peak stress suddenly increases or drops to form a peak value. At the same time, the number of AE events increases rapidly, which indicates that the crack inside the coal rock grows rapidly at the peak value of the energy dissipation rate, causing damage to coal rock. In the post-stress stage, the frequency of the EDR peak value increases obviously, and the position of the EDR peak value is relatively concentrated and it is relatively large. The corresponding stress often drops suddenly, and the number of AE events increases obviously, which indicates that the crack propagation degree is high and even penetrates the rock sample. In the process of rock failure, the crack development is usually caused by the tensile crack tip, which extends along the crack surface and produces a new crack. Under 0 MPa confining pressure, the axial tension crack is the main crack. The specimen deforms in lateral direction under axial pressure and forms axial splitting failure. Rock is prone to sudden stress drop and complete loss of bearing capacity. With the increase of confining pressure, the limiting effect of confining pressure on the lateral deformation of rock increases, and the crack develops into a large shear crack. After the shear crack runs through, the coal rock block slips along the crack to form the shear failure surface, which leads to the sudden drop of stress. These sudden stress drops are caused by the propagation of micro-cracks into macro-fracture surfaces. The more obvious the stress drop is, the greater the crack propagation degree is, and the more energy is dissipated, so the energy dissipation rate is higher when stress drops. In a word, the peak value of energy dissipation rate is caused by crack propagation. It is reliable and universal to use energy dissipation rate to evaluate crack propagation and damage evolution in coal rock.
[image: Figure 9]FIGURE 9 | Relationship between energy dissipation rate of coal and rock and the number of AE events. (A) 0 MPa, (B) 8 MPa, (C) 16 MPa, (D) 25 MPa.
Failure Precursor Based on Energy Dissipation Rate
Acoustic emission (AE) technique is the most commonly used method to study the precursors of rock failure. As can be seen from Figure 9, the sudden increase in the number of AE events indicates that the extent range of crack propagation is wide, which can be regarded as the precursor of coal rock failure. However, before the peak stress, there are many sudden increase points of AE counting, and the determination of damage precursor point is not clear enough. In addition, as shown in Figures 6A,D, there is an obvious quiet period of AE activity before peak stress, which can be used as a precursor of rock failure. These quiet periods do not mean the stability of the rock, but indicate that the rock is about to be destroyed (Zhang et al., 2006). However, in Figures 6B,C, the quiet phase of AE is difficult to distinguish. In the actual project monitoring, the researchers also found that the corresponding relationship between disasters and the quiet period of AE is not obvious in time (Li et al., 2019). It can be seen that the engineering results are similar to the experimental results, which shows that the applicability of AE quiet period as a precursor of rock failure is questionable. Some scholars have proposed that the counting of AE events or the sudden increase of energy can be regarded as the characteristic of failure. However, in most cases, this sudden increase occurs at the peak stress, and after the peak stress, the early warning for rock disaster is put off because the requirements of early warning are not met (Li et al., 2019). It can be seen that there are still some deficiencies in monitoring rock stability by acoustic emission technology. Considering the influence of engineering environment noise on acoustic emission monitoring equipment, it is more practical to propose an energy failure precursor of rock failure from the view of energy.
According to the evolution law of energy dissipation rate under different confining pressures, it is found that the energy dissipation rate has a stable increasing stage before reaching the peak stress, which indicates an impending failure of the rock, as shown by the blue diagonal in Figure 10A. Therefore, taking a sample as an example, the last peak of energy dissipation rate before the level of energy dissipation rate rises is proposed as the failure precursor, where the peak of energy dissipation rate corresponds to the stress value of P1, as shown in Figure 10A. In order to verify the accuracy and practicability of rock failure energy precursor P1, it is compared with acoustic emission failure precursor. Li proposed that the peak value of AE ringing count rate and AE energy count rate before peak stress should be regarded as the precursory characteristics of rock failure, which can effectively give an early warning of rock failure (Li et al., 2016). The maximum values of AE ringing count rate and AE energy count rate before peak stress are P2 and P3 respectively, as shown in Figures 10B,C.
[image: Figure 10]FIGURE 10 | Identification of failure precursor points. (A) P1, (B) P2, (C) P3.
For the convenience of comparison, P1, P2, and P3 are divided by compressive strength and normalized. The closer the normalized value of stress is to 1, the closer the failure precursor of the peak stress and the faster the failure of rock occurs. The normalized values of stress at the rock failure precursor points under different confining pressures are shown in Figure 11A. It can be found that the failure precursor points based on AE energy counting rate and AE ringing counting rate are very close, and some samples appear almost at the same time, which is basically consistent with previous studies (Li et al., 2016). The normalized value of P2 determined by AE ringing count in samples 8–3, 16–1, and 25–3 is over 0.99, and the failure precursor point is very close to the peak stress. This may lead to shorter warning time; the actual project engineers do not have enough time to take the corresponding rock disaster prevention measures. In addition, the corresponding stress values of P2 and P3 in samples 8–2 and 16–2 are small, which may be too safe. Based on the energy dissipation rate, the stress normalization values of the failure precursor P1 are in the range of 0.85–0.99. Generally speaking, the stress normalization values of P1 are larger than those of P2 and P3. The early warning time for rock failure is obtained by subtracting the corresponding moments of P1, P2, and P3 from the time of peak stress, as shown in Figure 11B. On the whole, the early warning time based on energy dissipation rate is longer than that based on acoustic emission. The minimum warning time of P1 is 37.5 s under different confining pressures, and it shows that the failure precursor points determined based on the energy dissipation rate can reserve enough time for the early warning and prevention of rock disasters. With the increase of confining pressure, the time of P1 early warning increased. It is not difficult to see that the above-mentioned characteristics of the energy failure precursors fully show that the rock failure precursors determined by the energy dissipation rate have better reliability and universality, and it can provide a reference value for the prevention and control of underground rock dynamic disasters such as rock burst.
[image: Figure 11]FIGURE 11 | Comparison of failure precursor features. (A) Normalized stress of compressive strength, (B) Pre-warning time of damage.
CONCLUSION
In this paper, the static compression tests and acoustic emission location tests (AE) of coal rocks were carried out under different confining pressures. Based on the analysis of rock energy evolution, the characteristics of energy dissipation rate (EDR) under different confining pressures were emphatically discussed. The main conclusions were obtained as follows:
(1) Confining pressure effect is better reflected in the mechanical, AE, and energy properties of coal rock. With an increase in confining pressure, the increasing trend of elastic modulus and compressive strength is found. The deformation and failure of coal rock are restrained. Correspondingly, the total energy, elastic energy, and dissipative energy are obviously improved.
(2) The variation of EDR can be roughly divided into a quiet stage, a stable increasing stage, an active stage, and a stable stage. The EDR level remains in a low range in pre-peak and increases with an increase in confining pressure. The EDR increases gradually near the peak stress and fluctuates sharply after the peak stress.
(3) The EDR can be used as an internal index to evaluate the crack propagation in rock. When the EDR increased or decreased suddenly, the acoustic emission events increased rapidly. When the peak value of EDR fluctuates greatly and concentrates in the post-peak period, the internal fissures will penetrate rock causing a sudden stress drop.
(4) A new energy precursor point of rock failure is proposed based on the EDR. The stress level of EDR precursor point is higher and occurs later than the AE precursor point. It indicates that energy failure precursor can provide a reference value for the prevention of rock disasters such as rock burst.
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Various risk management measures have been applied to reduce risks associated with the debris flow; however, only a few studies have adopted the economic benefit to evaluate measure effectiveness. The present study sought to explore debris flow risks at a catchment scale and establish the appropriate risk-reducing measures. The Chengbei Gully debris flow in Shanxi province (China) was selected for the case study. High-resolution topographic data of the drainage basin were obtained using the airborne LiDAR technology. FLO-2D software was used to simulate the debris flow process to perform hazard zonation. Vulnerability was estimated based on the location of elements at risk within the hazard zones and the field survey. Several structural and non-structural measures for controlling risks were proposed based on the risk assessment results, and the benefit–cost ratio was used to analyze their effectiveness. The findings indicated that the rainfall event triggering the Chengbei Gully debris flow had an 80-year return period. The total risk under this rainfall condition was 2.3 × 105 $, which was an unacceptable level according to the criteria of tolerance risk. The findings showed that the engineering measure was the best mitigation approach for the Chengbei Gully debris flow with a benefit of 1.35 million $ and a benefit–cost ratio of 6.43.
Keywords: debris flow, risk assessment, run-out analysis, FLO-2D, mitigation measure, benefit–cost analysis
1 INTRODUCTION
Debris flows are among the most dangerous mass movements worldwide, especially in the alpine environment (Glade, 2005; Hürlimann et al., 2014; Tiranti et al., 2018; Li et al., 2021). Most debris flows are characterized by large magnitudes, high velocities, and a mixture flow of sediment and water, thus posing potential significant threats to residents and infrastructures (Jakob, 2005; Gregoretti and Fontana, 2008; Gregoretti et al., 2016). Therefore, it is imperative to explore debris flow risks and propose professional mitigation measures based on risk mapping (van Westen et al., 2006; Qing et al., 2020).
The risk of natural hazards can be assessed through qualitative or quantitative methods based on the quantity and quality of datasets. Previously adopted approaches mainly involved expert-based and statistical methods (Guzzetti, 2000; Chen et al., 2016; Rossi et al., 2019) which mainly require a long and accurate landslide catalog. Results obtained using these procedures were relatively coarse and could not be compared to other areas in the form of numerical values (e.g., Guzzetti, 2000). Quantitative risk assessment is gradually being conducted at different scales (Dai et al., 2002; Remondo et al., 2005; Erener and Düzgün, 2013), owing to the requirement for risk mapping with a better quality and advances in development of GIS and RS techniques. To estimate the direct risks of natural hazards on elements at risk, studies have adopted statistical theories, such as the magnitude–frequency curve (Hungr et al., 2008; Corominas and Moya, 2010). In addition, previous studies explored quantitative risks based on the event tree analysis (Budetta, 2002; Mineo et al., 2017). In most cases, risk quantification was based on the product of hazard, vulnerability, and the value of elements at risk. Regarding the risk assessment of debris flows, two measurable components are mainly used including the following: 1) the temporal and spatial probability of one event occurrence and 2) the magnitude of harm that the event may result (Chen and Wu, 2016). Some attempts have been made for quantitative risk assessment of debris flows. For instance, Calvo and Savi (2009) proposed a method based on the Monte Carlo procedure for formal risk analysis in debris flow–prone areas. Jaiswal et al. (2011) presented a quantitative procedure for estimating the debris slide risk to life and property and applied it to estimate the risk of potential debris slides in a mountainous area in the Nilgiri hills of southern India. Lin et al. (2011) simulated the flow conditions of typhoon-triggered debris flows and generated risk mapping under different scenarios.
Notably, most case studies regarding the landslide risk assessment only analyzed the initiation area, whereas studies on the risk assessment by incorporating the runout distance are limited (Jaiswal et al., 2011; Guo et al., 2020). However, debris flows are a type of fast mass movements compared with slow-moving landslides; thus, there is a need to perform runout analysis to explore the potential inundation areas and establish actual risks (McDougall, 2017). A few solutions have been developed for this purpose, including constitutive methods and numerical models, based on fundamental assumption simulations (single-phase or multi-phase) (Baum and Godt, 2010; Gan and Zhang, 2019). Numerical modeling is one of the most efficient tools. Relevant approaches such as the DAN3D analysis (Salvatici et al., 2017), smoothed particle hydrodynamic (SPH) method (Wang et al., 2016; Han et al., 2019), particle flow code (PFC) (Lo et al., 2018), and depth-averaged material point method (DAMPM) (Abe and Konagai, 2016) have received wide applications. The two-dimensional water flood and mudflow simulation program FLO-2D is a useful tool, and it has been successfully applied for the runout analysis of debris flows in several areas worldwide (e.g., Lin et al., 2011; Gomes et al., 2013). FLO-2D can predict important parameters during the movement processes (such as the runout distance, volume of accumulation, flow velocity, and depth), which are critical for estimating the debris flow intensity. Therefore, FLO-2D is an appropriate method for hazard assessment.
Vulnerability assessment is a frequent conceptual and operational challenge in the risk framework (Fuchs et al., 2011; Jaiswal and van Westen, 2013). Although multiple components (e.g., elements at risk and capacity) and various parameters (e.g., information on people and infrastructures) are required for accurate assessment, most cases lack sufficient data. This explains why the methods for vulnerability assessment are generally qualitative or semi-quantitative. Previous studies developed quantitative models; however, most are used for buildings exposed to natural hazards and are primarily based on physical tests or empirical theory. For example, Uzielli et al. (2008), Li et al. (2010), and Peduto et al. (2017) explored the vulnerability estimation function or the curve for the scenario-based landslide hazards. A unified quantitative method for vulnerability estimation is yet to be proposed; thus, a semi-quantitative method was adopted in the present study.
The final result of risk assessment is mainly expressed by the expected losses resulting from a hazardous event of a given intensity. Studies thus use different indicators to show the risk distribution of hillslopes subjected to natural hazards, including the non-dimensional risk level (Bell and Glade, 2004; Arksey and VanDine, 2008), direct economic damage (Vranken et al., 2013), indirect damage (Jaiswal et al., 2010), and the total number of casualties (Guzzetti et al., 2005). Moreover, some studies applied the index of annual risk to assess the risk within 1 year; thus, the results for different cases and scales can be compared directly (Chen and Wu, 2016). In addition to mapping the risk zonation, the obtained risk results can be used for further objectives. For instance, parameters of existing models can be calibrated using the results of past events, to make them more accurate in predicting the risk under future scenarios (Bertolo and Wieczorek, 2005). Some studies used risk results as a reminder to the local authorities and residents to understand the potential threats (Graff, 2014). The quantitative risk assessment mainly seeks to provide the basis for the design and implementation of mitigating measures (Holcombe et al., 2012; Vranken et al., 2013). Although several measures can effectively reduce the risk, their time or economic cost is unacceptable for organizations and individuals faced with the risks. Studies on risk management show that risk mitigation measures are not primarily geared towards risk elimination but to maintain the risk to an acceptable level. Therefore, it is necessary to evaluate and compare the social or economic effects of the potential measures to select suitable measures (Peila and Guardini, 2008). Unfortunately, the present case studies on this topic (e.g., Chen and Wu, 2016; Guo et al., 2020) are limited and should be updated, especially regarding fast mass movements.
The current study sought to perform a test to provide a basis for making the decision of risk mitigation measures through cost–benefit analysis. The specific objectives include the following: 1) Simulation of the runout process of the debris flow using remote sensing DEM data and FLO-2D software; 2) Vulnerability estimation based on field survey data and the semi-quantitative method; 3) Application of the procedure to the Chengbei Gully of Shanxi province (China) (approximately 1 km2), to calculate the risk level in a given rainfall scenario; and 4) Proposing several measures as potential choices for risk reduction and comparing their effectiveness from an economic point of view.
2 STUDY AREA AND DATA PROCESSING
2.1 Study Area and the Debris Flow Event
The Chengbei Gully is located in the Lvliang mountainous area to the east of Loess plateau (China), a well-known geohazard-prone region (Juang et al., 2019). The Chengbei Gully administratively belongs to Ji County in Shanxi province, and its coordinates are E110°40′25″, N36°6′14″ (Figure 1). A heavy rainfall event with an accumulated value above 100 mm and a maximum hourly rainfall of 54.6 mm was recorded in this area on July 3rd of 2013 (Wang et al., 2016). After the rains, rain water mixed with soil particles, rubbles, and stones flowed along the gully downstream and destroyed courtyards and residents’ houses (Figures 2A,B). Additionally, the surface land cover was also affected much. As seen in Figure 2C, the remote sensing image showed the impact of the event on the land cover in the channel up to April 2014.
[image: Figure 1]FIGURE 1 | Location of the Chengbei Gully: (A) location of Shanxi Province, (B) location of the Chengbei Gully in Ji County, and (C) topography map of the Chengbei Gully obtained from remote sensing images.
[image: Figure 2]FIGURE 2 | Some pictures and images after the debris flow event: (A) a small vehicle submerged by the mixture of soil and rocks, (B) a house damaged by the flowing material in the channel, and (C) the remote sensing image of the channel in April 2014 from Google Earth (access at August 10). The red rectangle shows the location of the channel.
As defined by Hungr et al. (2014), the debris flow is very rapid to the extremely rapid surging flow of saturated debris in a steep channel and strong entrainment of material and water from the flow path. Meanwhile, the rainfall and intensity in the study area are similar with some other debris flow events reported in China (260 mm for total rainfall and 60 mm for maximum daily rainfall in Wei et al., 2018). Hence, the event observed on the Chengbei Gully on July 3rd of 2013 was considered as a debris flow triggered by an extreme rainfall.
The drainage area at the upper stream of the basin covers approximately 3.39 km2 and is 6.76 km long. The average slope of the initiation area at the channel is approximately 30° with an elevation difference of 289 m. Geomorphologically, the entire gully can be categorized into three sections (Figure 3). The upper part has two branch channels with the transverse sections exhibiting a typical “V” shape, with steep slopes at both sides (∼45°). A channel with a gentle valley bottom and relatively narrow width occurs at the middle section. The middle section is 1,600 m long. The lower section is the widest and gentlest part of the gully with a relatively high discharge, and water flows into the Qingshui River which is a branch of the Yellow River. The geological setting of the Chengbei Gully mainly comprises Quaternary loess deposits with an average thickness of 100∼200 m. Notably, silty clay and rubbles loosely accumulate at the toe of slopes. These materials provide good sources for debris flows. A field investigation reported that the total volume of these materials was approximately 1 × 105 m3. Studies show that no humans have settled in the upper and middle stream areas; however, there is a small village with a few residential houses in the lower stream.
[image: Figure 3]FIGURE 3 | Photographs showing the topography of different parts of the Chengbei Gully: (A) the steep gully on the upper section, (B) the relatively wide and gentle channel of the middle section, and (C) the settlement constructed on the lower section of the gully.
2.2 Data Sources and Processing
2.2.1 Remote Sensing Data
Light detection and ranging (LiDAR) sensors can generate high-resolution three-dimensional (3D) coordinates of objects. Height information (that is Z values) can be used to characterize the topography of an area (Wu et al., 2021). The Chengbei Gully is not a large-scale area; therefore, a high-resolution digital elevation model (DEM) is important for subsequent simulations. In the current study, the manned airborne LiDAR (Figure 4A) was used to obtain the DEM data.
[image: Figure 4]FIGURE 4 | Topography data of the Chengbei Gully region: (A) the manned airborne LiDAR used in this study, (B) hill shade map calculated using 1 m DEM, and (C) elevation map of the zoomed area, with the remote sensing images as the base map.
LiDAR mapping was conducted on July 2017 using the biplane DJI F550 purchased from Da-Jiang Innovations Science and Technology Co., Ltd. (DJI), Shenzhen, China. The biplane comprised laser-scan systems in near-infrared sensors. The load capacity of the biplane was 3 kg, and the flight lasted for approximately 40 min. The overflight was planned and operated by a professional employee of the China Geological Survey (CGS). The path was roughly rectangular in shape with a length of 4 km and a width of 2 km. The flight altitude and velocity were fixed to ensure a relatively consistent overlap between images. Retrieved LiDAR data were processed by Terrasolid software (Terrasolid Ltd., Helsinki, Finland). Point clouds were generated in a LAS format and subsequently converted to DEM data through ArcGIS software with a resolution of 1 m (Figures 4B,C). As seen in Figure 1C, two control points were used to evaluate the data quality. The accurate elevations of the two control points obtained from the contour line were 908 m (point #1) and 842 m (point #2) asl, respectively. Their elevations revealed in the LiDAR DEM were 908.2 and 842.1 m asl, respectively.
2.2.2 In Situ Data and Laboratory Tests
The field survey was conducted between July and October 2017. Targets of the survey mainly included 1) investigating and recording deformation and movement of materials during the debris flow by engaging with residents; 2) obtaining information on the vulnerability of the elements at risk (population, constructions, and local price level); 3) exploring information on geological settings (e.g., topography, materials, and geological structures), to have a deeper insight on risk reduction; and 4) collecting soil samples to perform laboratory tests to determine the physical parameters for numerical simulation.
The following laboratory tests of soil samples were performed in the Xi’an Center of China Geological Survey: 1) the soil unit weight test; 2) the strain-controlled test to determine soil viscosity; and 3) the soil bulk concentration test. All these followed the national criteria in China (MOHURD, 2019).
3 METHODOLOGIES
The general procedure of this study includes the following: 1) risk calculation, 2) analysis of the risk level based on the tolerance criteria, and 3) specific designs of risk mitigation measures and effectiveness analysis. Figure 5 outlines the research design. The principles for the methods used in the current study are described in the following sections.
[image: Figure 5]FIGURE 5 | Research strategy.
3.1 Hazard Analysis Based on FLO-2D
3.1.1 FLO-2D Simulation
The movement process of the Chengbei Gully debris flow was simulated by FLO-2D software, a two-dimension numerical model developed by O’Brien et al. (1993). The software adopts the quadratic rheological model which allows simulations for various conditions ranging from clear water to sediment flows. The FLO- 2D modeling is controlled by the terrain and is based on the continuity equation and dynamic wave equation (Lin et al., 2011; Gomes et al., 2013).
In this study, DEM data were used as the input for the FLO-2D BASE environment to obtain topographic attributes and to develop the geological model. Rheological parameters defined by the FLO-2D manual (O’Brien, 2007) were determined by laboratory tests (section 2.2) and empirical values. In order to reveal the inherent uncertainties in these parameters, a potential range for these parameters was also provided (O’Brien, 2007; Gomes et al., 2013; Haas and Woerkom, 2016). The range can also be used to ensure that the future structural countermeasure for risk reduction would work as planned.
As seen in Figure 1C, the junction of two branches in the upper stream area was used as the inflow point for the catchment model. The grid with the lowest position in the watershed served as the outflow point, where the water flows confluence with the water from another gully. Data on rainfall events, including cumulative rainfall and maximum hourly rainfall, were also required. The grid size was set to 2 m because the simulation duration under this condition was about 3 h, which was similar to the duration of the event. The parameters used are presented in Table 1. These parameters are static, and the software uses them to analyze the flowing process. Some key indicators in the flowing process are the output results of it, including the flowing depth and velocity, which we will describe in following parts.
TABLE 1 | Parameters used in numerical simulation by FLO-2D.
[image: Table 1]The Manning’s roughness coefficient was set at 0.2 because forest was the main land use in this area (see Figure 3). According to Brater and King (1976) and Montes (1998), this type of land use has a significantly higher value of n. The value used in this study was higher than that used in most cases [e.g., Liu et al. (2013); Haas and Woerkom (2016)] but close to the value reported by Cui et al. (2011).
3.1.2 Hazard Mapping Based on Runout Analysis
A hazard can be defined as the degree of debris flow damage within a given period in a specific area. It is mainly associated with various parameters, including the probability of occurrence and intensity (; Corominas et al., 2014). In this study, the probability of occurrence of the debris flow under the given rainfall condition was 1; therefore, the main task was to determine the intensity. In practical application, qualitative methods are mainly used to assess the intensity, based on two crucial parameters (flow depth and flow velocity) in the movement process of debris flows. A three-degree hazard matrix was defined for the Chengbei Gully debris flow based on a few examples of reclassification of the intensity proposed in previous studies (Hürlimann et al., 2006; Tang and Okimura, 2006; Chen et al., 2010) (Figure 6). Most buildings in the area had a floor height of ∼2.5 m; therefore, this value was used as a threshold of flow depth that can significantly damage the buildings. At a flow depth lower than 0.5 m, people can breathe even if they are caught by the deposits; thus, this was considered as a relatively safe depth. However, it should be noted that some studies consider that breathability cannot be used as a measure in a debris flow disaster, so the depth of 0.5 m may also be fatal (e.g., Raetzo et al., 2002; Hürlimann et al., 2006). Most residents living on the slope were adults aged between 40 and 60; thus, they can escape from debris flow with a velocity of 0.5 m/s. However, if the flow velocity is faster than 1 m/s, ordinary people can hardly escape.
[image: Figure 6]FIGURE 6 | Intensity matrix for the debris flow.
3.2 Risk Assessment Modeling
3.2.1 Calculation of the Return Period
Every risk scenario can be attributed to triggering events with a specific return period (Zêzere et al., 2008). Therefore, it is imperative to determine the return period when assessing the temporal probability of the risk or predicting and modeling different future scenarios (e.g., Guo et al., 2020). An extreme value type I (i.e., Gumbel distribution) method was used to fit the rainfall events to explore the rainfall frequency. This statistical approach is widely applied in analysis and prediction of hydrological events, including flooding events (Onen and Bagatur, 2017). The cumulative distribution function of Gumbel distribution is expressed as shown below (Gumbel, 1941; Matti et al., 2016):
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where X is a random variable, x is a possible value of X, ξ and α are the location parameter and scale parameter, respectively, which are calculated as follows (Gumbel, 1941; Matti et al., 2016):
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where μX and σ2X are the mean and variance of the dataset, respectively. To explore changes in rainfall events over the entire recording period, the Gumbel distribution, fitting to daily rainfall peaks for every rainy season in 50 years (from 1964 to 2013), was performed using the MATLAB tool.
3.2.2 Vulnerability Estimation
Two types of elements at risk, including property and life, are considered when determining the debris flow (Corominas et al., 2014). Vulnerability of these elements varies with the hazard intensity and resistance to the debris flow and requires several indicators for evaluation. However, total quantitative vulnerability estimation is not performed in most cases due to lack of sufficient damage data (Fell et al., 2008; Jaiswal et al., 2011). In this study, a semi-quantitative estimation based on hazard mapping and information from the fieldwork was used to determine the vulnerability. The hazard intensity was evaluated using the acquired information mainly based on the depth and the velocity of the debris flow reported in section 3.1. In addition, information from the fieldwork was used to explore the resistance of elements at risk. For constructions, the impact force was the direct indicator associated with the hazard intensity. High values of flow depth and velocity imply a larger impact force of the debris flow, resulting in higher vulnerability of the building. The main factors contributing to resistance of constructions include height and materials. Hence, the relationship between the building height and flow depth is important for vulnerability estimation. For estimation of vulnerability of people, the model must account for indicators such as the age, healthy state, and the implementation of early warning systems within the community (Du et al., 2016; Guo et al., 2020).
3.2.3 Analysis of the Risk Level Based on Risk Tolerance Criteria
Risk assessment determines whether the present risk level is tolerable to the society or existing mitigation measures are adequate. There is a need to evaluate whether alternative control measures can be implemented if the risk is not tolerable and if mitigation measure are not effective. Life risk is the main indicator of the social risk tolerance criteria, for analysis of the number of people threatened in a disaster and the probability of death. Although some risk tolerance criteria have been proposed and implemented (e.g., Bottelberghs, 2000; AGS, 2007), the findings are controversial. Therefore, the criterion developed by Hong Kong Geotechnical Engineering Office (1998) was adopted in the present study. The criterion determines the tolerable social risk based on the F-N curve, where N represents the number of fatalities and F represents the frequency of N or more fatalities per year. The curve (Figure 7) comprises four parts with different risk levels, including the acceptable risk, unacceptable risk, intense scrutiny region, and the “as low as reasonably practicable” (ALARP) region. Hence, if the risk level of a given scenario is unacceptable or is at the ALARP level, measures to reduce and mitigate risks must be considered. This implies that a measure is considered reasonable when it reduces the risk from the unacceptable or ALARP level to an acceptable level.
[image: Figure 7]FIGURE 7 | Social risk criteria for the debris flow [according to Hong Kong Geotechnical Engineering Office (1998)].
3.2.4 Risk Calculation and Mapping
The risk can be calculated using the formula below (Fell et al., 2008; Corominas et al., 2014):
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where R is the total risk, and P(L) is the occurrence probability of the debris flow, which is reciprocal of the return period of the triggering rainfall. P(T:L) is the possibility of the debris flow reaching a specific point. If an element at risk is located at the inundation area of the debris flow, this value is 1. P(S:T) is the temporal-spatial probability of the elements being at a certain point when the debris flow occurs. The P(S:T) for the constructions at risk in the inundation area obtained from the runout analysis is 1. Analysis of the people residing at the area showed that their time at home was approximately 10 h per day; therefore, the P(S:T) was set at 0.42. E is the economic value of the elements at risk or the number of people. Values for E were assigned to every property based on their type (constructions or indoor possessions), local price level (The people’s Government of Shanxi Province, 2020), and field survey. The simple classification method used and the specific values obtained are shown in Table 2. This study was carried out for economic decision-making; thus, the values for life (Ei) were estimated using the method described by Shang (2012) as follows:
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where g represents the average gross domestic product per person per year, e denotes the average expected lifetime of people, and w denotes the ratio of working time to leisure time. The National Bureau of Statistics of China (2020) reports that g is 10,280 $/year, e is 77 years old, and w is approximately 0.2 in villages. Therefore, the total economic risk posed by the Chengbei Gully can be expressed as follows:
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where RT is the total economic risk of the Chengbei Gully and Rp and RL represent the property risk and population risk, respectively.
TABLE 2 | Values of E for the elements at risk.
[image: Table 2]3.3 Measures for Risk Mitigation
3.3.1 Principles for Implementation of Measures
Potential measures considered for risk mitigation of the debris flow generally can be categorized into structural and non-structural approaches. The structural approach mainly decreases the hazard intensity (or failure probability), whereas the non-structural approach improves vulnerability (or the resilience capacity) of elements at risk. Structural measures comprise two aspects: 1) Reducing the probability of the debris flow occurrence. This can be achieved by reducing the amount of sediment source to relieve the occurrence of debris flows. 2) Reducing the probability of the debris flow reaching the elements at risk. Considering the aforementioned two aspects , structural measures may include constructing blocking dams in the upper or middle stream, drainage channel in the lower stream, and fence walls at the back of houses.
Non-structural measures include the following options: 1) Implementation of early warning systems, which involves professional monitoring, real-time warning, and a public broadcasting system. These measures can help residents to timely evacuate from dangerous places, thus decreasing the spatial-temporal probability of elements at risk. 2) Community-based public education can improve disaster awareness and the response ability of people to reduce vulnerability of the elements at risk. 3) Relocation of residents in new settlements can reduce the number of the elements at risk.
In this study, considering the available information before the debris flow occurrence and the potential space that can be used for structures, building blocking dams in the mainstream of the channel is a suitable structural measure. For the non-structural measures, early warning systems, community-based public education, and resident relocation are feasible.
Hence, four single categories of measures were selected for the risk mitigation of the Chengbei Gully debris flow. Moreover, community-based public education, which is a non-engineering measure, is often implemented together with engineering measures or early warning systems. Therefore, the two measures, namely, community-based public education + early warning system and community-based public education + dam were also included.
A detailed design on these measures is described in the section below.
3.3.2 Specific Design of Measures
3.3.2.1 Dam
Two dams were designed to block the debris flow and were located in the middle and downstream of the channel. The total volume of solid materials carried by the debris flow was used to calculate the standard storage capacity of the dam. The relationship between the volume of the solid materials and total materials of the debris flow was determined as follows (China Ministry of Land and Resources (CMLR), 2004; China Ministry of Land and Resources (CMLR), 2006):
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where QS is the total volume of solid materials, Q is the volume of all materials, γc is the unit weight of the debris flow, γS is the unit weight of solid materials, and γw is the unit weight of water. Q can be obtained as follows:
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where T is the continual time of the debris flow, and K is an empirical coefficient which is proposed as 0.202 in the guidebook. Qc is the peak quantity discharge of the debris flow and is expressed by
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where φ is the amendment coefficient for the unit weight of the debris flow, Qp is the peak quantity of the water flow with a given return period, and Dc is the blockage coefficient of the debris flow which is set to 1.5. φ is calculated as follows:
[image: image]
Geometrical characteristics of the dams designed based on Eqs 8–10 are presented in Figure 8. The lengths of dam 1# and dam 2# were 25 and 45 m, respectively. The dam type was selected as the rubble gravity dam, owing to the low cost and easily acquired materials.
[image: Figure 8]FIGURE 8 | Design of cross section of the dams for blocking the debris flow: (A) dam 1# located in the upper stream and (B) dam 2# located in the middle stream.
3.3.2.2 Early Warning System
The main components in the early warning system include the following: 1) Monitoring of rainfall. Three rain gauges were installed in the channel, two in branches upstream, and one downstream. The gauges provide an alert in case of heavy rainfall exceeding the given threshold (Wei et al., 2017). 2) Monitoring of infrasonic signals. Low-frequency infrasonic waves emitted by movement of the debris flow can be detected over a kilometer radius (Liu et al., 2015). Hence, installation of a monitoring device in the upper stream can be used for remote monitoring. 3) Monitoring of maximum depth. A set of wires stretched and fixed across the channel can continuously measure the distance between the detector and the flow surface. If the maximum depth of the debris flow increases to a detectable level, then the alert is made. 4) Video monitoring. Three cameras were installed in the upper, middle, and lower stream separately to record and monitor the movement of flows 24 h per day.
3.3.2.3 Community-Based Public Education
This measure has been validated and is effective in some natural hazard-prone areas of China (Liu et al., 2016; Guo et al., 2019; Guo et al., 2020). Hence, it was also considered alone in this study. This measure mainly includes 1) posters which present and advertise the benefit of risk mitigation, 2) brochures for residents, 3) classes on disaster prevention to young students in school, and 4) professional lectures to adults given by experts in this field.
3.3.2.4 Resident Relocation
This measure involves relocation of residents from the inundation area of the debris flow. The local authority is responsible for the relocation and construction of new settlements. The new settlement area should accommodate the relocated families as per the principle of average distribution (Guo et al., 2020).
Specific implementation and locations of all potential measures are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Implementation of potential risk mitigation measures for the Chengbei debris flow.
3.3.3 Economic Cost Analysis
The total cost of each measure (TC1) must be evaluated in the first step as shown below:
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where T1, T2, and Tn represent the total cost of the 1st, 2nd, and nth item, respectively. P1, P2, and Pn represent the unit price of the 1st, 2nd, and nth item, respectively, whereas N1, N2, and Nn represent the number needed for the 1st, 2nd, and nth item, respectively. All prices are estimated according to the price level as of 2015∼2020 in Shanxi province (National Bureau of Statistics of China, 2020). All the items and their unit prices included in every measure are presented in Table 3.
TABLE 3 | Estimation for the total cost of risk mitigation measures.
[image: Table 3]Although most of these costs are paid for at present, a few items will be acquired in the future (e.g., operation cost of the early warning system and public education); therefore, it is necessary to convert them into present economic values (TPC) as following:
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where C1, C2, … Cn are the single-year cost for future 1, 2, … , n years, n is the life cycle of the measure, and i is the annual interest rate. Hence, the total present economic cost (TC) for a specific measure can be denoted as follows:
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3.3.4 Effectiveness Analysis and Comparison
Effectiveness of measures is a crucial decision-making index because it can help determine the measures that reduce the risk at the largest level at a relatively small cost. Reduced total risk achieved by mitigation measures can be considered beneficial since effectiveness of the measure is expressed as the benefit–cost ratio (Fuchs et al., 2007; Jaiswal and van Westen, 2013). A higher ratio indicates a more effective measure.
The structural measures have a life cycle, and their discounting is applied to convert the future benefit to present economic values. Therefore, different effectiveness of measures can be compared. The total present value of the benefit of a specific measure (TB) can be calculated as follows (Chen and Wu, 2016):
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where B1, B2, … Bn are the single-year benefit for future 1, 2, … , n years, n is the life cycle of the measure, and i is the annual interest rate. Hence, the effectiveness of the measure (Ef) is denoted as following:
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4 RESULTS
4.1 Hazard Mapping and Vulnerability Estimation
Simulation results obtained from FLO-2D, including the flow depth and flow velocity maps, are shown in Figure 10. The results showed that the area inundated by the debris flow under the rainfall condition in this study was approximately 1.6 × 105 m2. The area with the flow depth less than 1 m accounted for 40% of the inundation area, with the area of depth from 1 to 3 m accounting for 48%, and the area of depth more than 3 m accounted for only 12% of the area inundated by the debris flow. Two places with relatively large flow depths were identified. The first place was at the boundary between middle and down streams with 6.73 m as the maximum flow depth. This area was characterized by a wider and gentler valley which provided a favorable terrain for the deposition. The second place was at the mouth of the gulley with a flow depth of exceeding 4 m. Moreover, an accumulated alluvial fan took this place as the center covering an area of 4 × 104 m2. Analysis of the flow velocity showed that its distribution presented a similar characteristic to the flow depth. As a whole, the middle of the channel had larger velocities than that of its edge whereas the overall velocity in the upstream and middle stream was higher than the velocity downstream. This finding was associated with the terrain. For instance, the gully channel was narrow and relatively steep in the upper part but wider at the lower part. The average flow velocity of the whole gully was approximately 1.2 m/s, whereas the maximum velocity was approximately 4.0 m/s and was close to the boundary of middle and down streams. The hazard map (Figure 10C) of the debris flow was obtained based on the criteria outlined in Figure 6. High-level hazard areas were mostly located in the middle of the channel in the upstream and middle stream. Moreover, the mouth of the gully was another important high-level hazard area. Areas of high, moderate, and low hazard levels accounted for 30, 40,, and 30% of the total area, respectively.
[image: Figure 10]FIGURE 10 | Hazard map of the Chengbei Gully debris flow: (A) flow depth map and (B) flow velocity map calculated from FLO-2D and (C) hazard intensity map.
It should be noted that there may be a certain relationship between the flow depth and velocity, but it should depend on the actual terrain that the debris flow occurs (Shu et al., 2018). In this study, the overall distribution of the flow depth and velocity in the channel is similar, but some specific characteristics vary. For instance, at the bottom of the gully, the depth in the middle of the channel is larger than surrounding places, but the velocity values of these places do not have much difference. Additionally, the upper section of the channel has continuous relative large depths while the velocity of this part has values with different levels.
Settlement of residents was distributed on the lower part of the gully; thus, the current study only described the vulnerability of this area (Figure 11). Previous studies (Fuchs et al., 2007; Jakob et al., 2012; Mavrouli et al., 2014) mainly expressed vulnerability as a function of either flow velocity or deposit depth. However, vulnerability significantly increases at a deposit thickness over 2 m or the velocity above 4 m/s. The vulnerability value of a property in the high-vulnerability area was set as 0.9, whereas the values for middle- and low-vulnerability areas were 0.6 and 0.1, respectively, based on the processes of hazard zonation. The findings on the vulnerability of people showed that most of the people in the settlements were adults between 40 and 60 years (the middle level on physical function). In addition, some aspects which can reduce vulnerability were lacking, such as implementation of early warning systems, training on emergency responses, and public education. Hence, the vulnerability for the people in the area with a high-level hazard was set to 0.6, whereas the vulnerability for the other two areas was set to 0.3 and 0.1, respectively. Vulnerability of the current study was slightly higher than those reported by Fuchs et al. (2007) and Guo et al. (2020); however, it was lower than the value reported by Solari et al. (2020). Analysis of the distribution of the elements at risk showed that the total area of settlements in high-, medium-, and low-hazard intensities was 3,775 m2, 10,460 m2, and 11,070 m2, respectively. The total number of residents living in the three areas was 24 (high-hazard intensity), 45 (middle-hazard intensity), and 60 (low-hazard intensity), respectively.
[image: Figure 11]FIGURE 11 | A map showing the vulnerability of the elements at risk located at the lower part of the gully. Vbuilding: vulnerability of buildings; Vpeople: vulnerability of people.
4.2 Risk Assessment Results
The rainfall data in the study area are shown in Figure 12. The results showed that the triggering rainfall of the Chengbei Gully debris flow had a return period of 80 years; thus, the temporal probability of the debris flow was 0.0125. The total risk of the Chengbei Gully debris flow (Table 4) was obtained according to Eq. 4. The total economic risk for the property and population was 8.9 × 104 $ and 1.4 × 105 $, respectively. Analysis of spatial distribution showed that the risk distribution was similar to that of the hazard distribution. This is because the elements at risk with the same hazard intensity were assigned the same vulnerability values. Although the middle-hazard intensity area had the largest total property risk, the average risk for each house was medium due to a larger total area of elements at risk. Notably, some areas with a high hazard had low-risk levels owing to very few elements at risk located mainly at the boundary between middle and downstreams. Hazard and risk levels at the mouth of the gully were high because it was close to the community settlements.
[image: Figure 12]FIGURE 12 | Return period of the triggering rainfall event: (A) daily rainfall peaks in every rainy season from 1964 to 2013 and (B) rainfall values vs. the return period of the study area.
TABLE 4 | Calculation of risk for the Chengbei Gully debris flow.
[image: Table 4]The risk levels in the areas with three hazard intensities (low, moderate, and high) were then calculated according to Eq. 4. If 5% of the total population was considered as the number of fatalities (Petley, 2012; Guo et al., 2020), the corresponding frequency was calculated as historical data on the number of fatalities caused by the debris flow were not available. As seen in Figure 13, the risk levels of all three areas were unacceptable when evaluated by the risk tolerance criteria, thus indicating the risk mitigation measures must be considered and implemented to reduce the total risk of the Chengbei Gully.
[image: Figure 13]FIGURE 13 | Calculation of the risk level for the Chengbei Gully debris flow using the risk tolerance criteria.
4.3 Effectiveness Analysis and Comparison
Analysis of the cost measure showed that the cost on dam construction and the overall relocation were incurred only once whereas other measures (early warning system and public education) comprised the future investment. The life cycle of public education was approximately 5 years (Chen et al., 2010). The life cycle of the early warning system was estimated to 20 years owing to its association with the service life of the piece of equipment. The annual interest rate i ranges from 0 to 0.12 (Staats, 1969) and was estimated as 0.05 for the Chengbei Gully. This value was higher than the value reported in Europe (e.g., i = 0.016 in Ferlisi et al., 2021) and slightly smaller than the value used in Taiwan, China (e.g., i = 0.06 in Chen and Wu, 2016).
The single-year benefit (B in Eq. 14) can be estimated by the annual benefit rate. The annual benefit rate of each measure was determined by the semi-quantitative estimation method. Previous studies (e.g., 40% in Salbego, 2014; 30% in Salbego et al., 2015; 40% in Guo et al., 2020) report that the benefit of structural measures accounts for approximately 30∼40% of the total cost; thus, the annual benefit rate of the dam construction was determined as 30%. The early warning system and public education are under the scope of community-based disaster reduction, so both were considered to have similar effectiveness for risk mitigation. China began implementing these two measures from 2005. Based on the saved lives by these measures and number of deaths caused by geohazards since 2005, the annual benefit rate of these measures has been estimated as 2% (Guo et al., 2020). Because the life cycle of the early warning system was designed as 20 years, its annual benefit rate from the 21st year was set as 1%. Relocation removes the elements at risk from the submerged area of the debris flow, thus eliminating the risk (the benefit rate is 100%).
Therefore, the effectiveness of each measure can be obtained, as shown in Table 5, according to Eqs 11–15, Table 2, and Table 3. Analysis of the four single measures showed that the total cost ranged from 7.37 × 104 $ to 2.53 × 106 $. Relocation had the largest budget, followed by construction of the dam, the early warning system, and public education. Regarding the total benefit, relocation is the highest, higher than dam + public education, followed by the dam. The other measures have lower benefits than these three measures. Analysis of the effectiveness showed that the benefit–cost ratios of all measures were greater than 1. The total benefit was higher than the total cost, thus indicating that all these measures were cost-effective. Specifically, the dam construction had the best effectiveness with the benefit–cost ratio of 6.43, followed by dam + public education (the benefit–cost ratio was 5.07). The benefit–cost ratio of these two measures was evidently higher than the other measures. The relocation had the highest total cost and total benefit at the same time, so its effectiveness was not outstanding. To sum up all the aspects, the dam and dam + public education had good benefits (ranking second and third, respectively) and the highest benefit–cost ratio. Hence, these two measures can be the best options for risk reduction in this study.
TABLE 5 | Effectiveness analysis of the designed measures for Chengbei Gully risk reduction.
[image: Table 5]5 DISCUSSION
Definition of the debris flow intensity is rather controversial owing to the several factors that have to be considered. However, sufficient data are not available in the case of the Chengbei Gully. Flow velocity is perhaps an appropriate choice because it can significantly represent the impact forces caused by debris flows. The flow depth was also considered in the current study in addition to flow velocity. Hence, the three-degree intensity matrix was defined by combining these two indicators. Given that there is no agreement on this topic, we determined the thresholds between every two degrees according to the literature data, characteristics of elements at risk, and our experiences obtained from the mountainous areas of China. The final intensity matrix was similar to matrices used in engineering practices of other mountainous areas in China and can be considered for comparison with other criteria developed in other countries (e.g., Hürlimann et al., 2006). However, the intensity matrix should be combined with the probability of occurrence to obtain the final hazard matrix. In the current study, the triggering condition has been fixed, and the probability of occurrence for the debris flow is 1 under this condition. The matrix can be replicated in other debris flow catchments, owing to its simplicity and relatively low time cost of the intensity matrix. Furthermore, the thresholds in the matrix can be changed to adapt to new situations.
Flow velocity and flow depth within a specific point were determined using the FLO-2D algorithm, which could also simulate initiation of the debris flow and identify the inundation areas. This enables analysis of the risk in these areas. However, simulation depends significantly on the quality of input data. In this study, the digital terrain model used the data with a high spatial resolution obtained from airborne LiDAR whereas rheological parameters were mainly obtained from the FLO-2D manual. Hence, inaccuracies of results would be mainly attributed to uncertainties of the rheological parameters owing to lack of the parameter calibration. However, according to Table 1, the potential range of parameters can be roughly determined from the laboratory tests and the literature, which can be used to ensure that the structural countermeasure would work as planned. On the other hand, the robustness of the mitigation measure with respect to the uncertainty linked with the debris flow rheology can be estimated from the parameter range. Although the estimation for the robustness is not quantitative, it can provide an insight for the reliability of the measures.
Additionally, poor validation of the FLO-2D model was a limitation of this study because calculation of flow velocity and flow depth was the basis for assessing debris flow risk. Although some examinations on the morphological aspect in the field after the event revealed some similarities between actual and simulation values, it does not effectively prove the model accuracy. However, it has been clarified in the literature that uncertainties introduced by the topography may be much larger than uncertainties in other information (e.g., Luppichini et al., 2019). The uncertainty level from the modeling process is, thus, acceptable in this analysis. Notably, the past event can provide useful data and experience for future studies in the parameter calibration and accuracy validation, which will benefit the risk prediction of a given scenario (Cai et al., 2021).
Uncertainty analysis is an important issue in quantitative risk estimation, given its inherent existence in every input factor (components). A preliminary analysis on uncertainties in this study included the uncertainty level, the reason for uncertainties, and potential measures to improve the issue (Table 6). The highest uncertainty in the procedure exists in the vulnerability estimation, as reported in many previous studies (e.g., Jaiswal and van Westen, 2013; Guo et al., 2020). A semi-quantitative model was used to analyze the resistance of elements at risk against the disaster which was close to an empirical method because a high subjectivity was included. A potential solution for this issue is to develop physical models based on vulnerability curves. Some efforts have been made on this topic (e.g., Peduto et al., 2017), but most of them are with regard to vulnerability of constructions and should be validated by a series of laboratory tests. Other studies performed vulnerability calculation using various indicators such as the structure type, foundation depth, and maintenance condition. However, this type of model requires detailed field survey and sufficient information on elements at risk. A high uncertainty level on the risk results implies that risk mapping should be treated as a relative result and not absolute. Similarly, in this study, the results are not refuted but highlighted the importance of uncertainty analysis. As Bell and Glade (2004) reported, although some improvements can be performed, uncertainty in risk analyses will always occur. Therefore, honestly informing the user of the associated limitations is important, instead of ignoring them. The present procedure provides a relatively simple approach to handle risk assessment, especially in the case of insufficient data. This modified procedure presents a relative risk level of elements at risk to users and the local authorities. Furthermore, resultant mapping is a fundamental task for economic evaluation for all potential measures of risk mitigation. The main objective of the current study was to compare and determine risk mitigation measures; thus, this present procedure of risk assessment is appropriate from the economic viewpoint.
TABLE 6 | Uncertainty analysis for input data.
[image: Table 6]Uncertainty also exists in the analysis of the risk reduction measures. For example, the dam was set to intercept all the solid material; however, the total solid material is hard to be accurately determined. Besides, if the dam was used to decline the peak discharge once the flow would not threat citizens in the downstream, the dam could be much lower, and the cost could also decrease. However, it should be noted that this kind of uncertainty is related with engineering practices, which is acceptable for users. Moreover, the cost and benefit will change with the dam design at the same time, so the final effectiveness will not be affected much.
The variation of risk values of a debris flow risk map within a given area under a particular rainfall condition is influenced by intensity, spatial probability reaching a specific point, vulnerability of elements at risk, and temporal probability. The findings from the current study indicate that if mitigation measures are not considered from the beginning, the risks posed by the debris flow to the constructions and lives may be significantly high. Notably, the risk of the Chengbei Gully debris flow was at an unacceptable level, as shown by the tolerance criteria. Risk mitigation measures can, thus, be implemented through reduction of the values of the aforementioned four aspects. In the current study, potential measures were mainly taken based on three components in the risk, namely, temporal and spatial probability of the debris flow reaching a specific point and vulnerability of elements at risk. The subsequent analysis showed effectiveness of these measures; Here, the proposed measures decreased the risk by 1/3 of its original risk. Although the absolute value of the risk reduction was not ascertained, the risk posed by the investigated event was significantly decreased. The findings imply that elements at risk can be well protected. The aforementioned results showed that it is difficult to eliminate the risk, but mitigation measures can reduce the unacceptable risk to an acceptable level to avoid significant losses. However, local authorities must be aware that new risks still may be caused by future extreme scenarios; therefore, continuous and systematic solutions must be included in the long-term plan of risk management and control.
Overall, the risk assessment of the debris flow is a multidisciplinary procedure where quantitative analysis and qualitative analysis inherently coexist (Glade, 2005; Hürlimann et al., 2006). However, the focus of this study is on the global understanding of the present approach and the experiences acquired during the case of the Chengbei Gully debris flow. Hence, the abovementioned exhaustive discussion already presented the uncertainties in this study and can help readers to better understand the rigor of the article.
6 CONCLUSION
In this study, numerical modeling based on FLO-2D software and the semi-quantitative vulnerability estimation was performed to assess the debris flow risk in the Chengbei Gully of central China. Remote sensing and in situ field data were used to derive a high-resolution DEM and to obtain parameters for FLO-2D modeling. Key indicators during the movement process including the runout distance, flow velocity, and flow depth were simulated to determine the hazard map based on the debris flow event in July 2013 in this region. The findings showed that the rainfall event triggering the Chengbei Gully debris flow had a return period of 80 years. Under this rainfall condition, the total risk of the Chengbei Gully debris flow was 2.3 × 105 $. Notably, the risk level of the lower part of the gully was the highest due to the existing community settlement. The risk level in the study area was unacceptable since the risk level obtained from the risk tolerance criterion method was greater than the standard curve.
Four single mitigation measures and two mixed measures were considered and designed for risk reduction, including construction of the masonry gravity dam, implementation of the early warning system, community-based public education, and overall relocation of the residents. Cost-benefit analysis for these measures showed that the economic benefits varied from 7.37 × 104 to 4.51 × 106 $, whereas the benefit–cost ratio varied from 1.03 to 6.43. Benefit–cost ratios of all measures were above 1, implying that the current measures had larger benefits than the costs and were cost-effective. Although the total cost of the dam construction was not the smallest, it had the greatest economic benefit–cost ratio; thus, it was a better choice for risk reduction of the Chengbei Gully.
In summary, the present study indicates that effectiveness analysis for the risk mitigation measures should evaluate the absolute value of benefit or risk reduction and should also focus on the benefit–cost ratio obtained. In addition, it is difficult to eliminate the risk from debris flow events completely if the mitigation measures are not designed and performed on time. Therefore, measures to control the total risk to an acceptable level are important. The present modeling procedure allows users to implement the quantitative risk assessment during a short time as a basis for analysis of potential mitigation measures and economic decision. The quantity and quality of datasets in this study are at the normal level; thus, the entire process can be easily replicated and applied in other areas with similar settings. However, the uncertainty level of the obtained risk results may be significant, especially the estimation of vulnerability and damage.
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The shear characteristics of rock joints under constant normal stiffness (CNS) boundary condition are critical to the stability of underground engineering rock mass. Five different rock joint profiles with random morphology were constructed using the independent segmentation method of the Hurst exponent. Based on the continuously yielding joint model, the discrete element calculation models of double rough parallel joints with different joint surface roughness and spacing of joints under CNS boundary condition were established using UDEC software to investigate the shear effect of joints under CNS boundary condition. The results show that under CNS boundary condition, the shear stress, normal displacement, normal stress, and surface resistance index (SRI) all increase with the increase of joint surface roughness coefficient (JRC) for both single- and double-joint specimens, and these of the single-joint are greater than these of the double-joint. With the increase of the joint spacing d, the peak shear stress τy, and the peak surface resistance index (SRIp) show a gradually increasing trend, and the influence of d on τy and SRIp is greater with the increase of JRC, and both τy and SRIp show a linear increasing trend with the increase of JRC. With the increase of d for the same JRC, both normal displacement and normal stress show a gradually increasing trend, and also, the increased amplitudes gradually increase; with the increase of JRC for the same d, the two parameters also show an increasing trend.
Keywords: UDEC, double rough parallel joints, constant normal stiffness, roughness, joint spacing
INTRODUCTION
A large number of joints that exist in natural rock masses can play a vital role in controlling the shear and deformability properties of engineering rock masses. A critical failure mode in rock masses is the shearing of rock joints, and thus, the shear characteristics of joints have been an important research topic in the field of rock mechanics (Bahaaddini, 2017). For most underground projects, the shear failure of rock joints is constrained by the surrounding rock, and the normal stress increases with increasing shear dilation displacement. Therefore, the constant normal load (CNL) boundary condition is no longer applicable, and the constant normal stiffness (CNS) boundary condition should be used (Indraratna and Thirukumaran, 2015; Thirukumaran and Indraratna, 2016; Shrivastava and Rao, 2018; Liu R. C. et al., 2020). At present, the study of the shear properties of single joints has been very mature. However, joints in natural rock masses cannot often exist alone, and the interaction between multiple joints has an important effect on the mechanical properties of rock masses.
Conducting a direct shear test is a standard experimental methodology to evaluate the shear behavior of rock joints (Saadat and Taheri, 2020). Shear failure of rock joints under CNL boundary conditions has been widely investigated due to its simplicity and ease of experimentation. Patton (1966) conducted direct shear tests on saw-toothed synthetic rock joints and proposed a bilinear envelope to predict the shear resistance of rock joints under different constant normal stresses. Li et al. (2017) proposed a fractal model to predict the shear behavior of a large-scale rock joint during shearing under CNL conditions. Oh et al. (2017) numerically studied the shear dilation of a saw-toothed rock joint under CNL condition. Zhou et al. (2019) studied the shear deformation characteristics of marble dentate joints with different dentate heights under different normal stresses and proposed an empirical formula to evaluate the shear dilation effect. These works suggested that the shear-induced dilation depends strongly on the relative normal stress. Compared with the CNL boundary condition, the CNS boundary condition is more suitable for deep-seated joints. GU et al. (2003) found that the joint surface wear was related to the joint surface roughness and normal boundary conditions. Lee et al. (2014) studied the effects of loading conditions and rock properties on the surface resistance index (SRI) and normal deformation characteristics of the joints. Li et al. (2018) established an analytical model to predict the shear behavior of rough rock joints under the CNS condition. Cui et al. (2019) carried out shear tests under CNL and CNS boundary conditions and investigated the effects of boundary conditions, initial normal stress, and joint roughness on the shearing behavior of the artificial joints. Han et al. (2020) experimentally investigated the effects of initial normal stress, normal stiffness, and shear rate on the shear properties of rough fracture surfaces and proposed empirical equations to assess the shear stress, normal stress, and normal displacement under cyclic shear loading. Yin et al. (2020) investigated the effects of initial normal stress and joint surface roughness coefficient (JRC) on shear stress, normal displacement, normal stress, and shear wear characteristics of fracture surfaces. Thirukumaran and Indraratna (2016) and Han et al. (2021) summarized the recent progress on shear characteristics of rock joints under CNS boundary conditions. The studies discussed earlier on CNS boundary conditions are mainly based on laboratory experiments and elucidate the important influence of CNS boundary conditions on the shear properties of the joint. As an alternative to experimental tests, many research scholars used advanced numerical techniques to characterize the shear failure of rock joints. Wang et al. (2019) investigated the effect of loading direction and normal stress on shear anisotropy and shear dilation deformation of jointed coal rocks by PFC software. Indraratna and Haque (2000) examined the shear behavior of soft saw-toothed rock joints under CNS conditions using UDEC software. Timothy (2018) investigated the effect of shear dilatancy on shear properties of rock joints after yielding under CNL and CNS boundary conditions using UDEC software. The numerical simulation discussed earlier mainly uses the discrete element method (DEM). This method provides an important reference to successfully carry out the numerical simulation of shear characteristics of rock joints under CNS boundary conditions. However, their study is limited to a single joint without taking into account the multi-joint interaction. A few studies (Han, 2019; Liu R. et al., 2020; Huang et al., 2021) have focused on the shear behavior of specimens containing two or more joints by laboratory experiments. However, the impacts of JRC and joint spacing on the shear behavior cannot be considered systematically due to the lack of a wide range of specimen tests.
To date, few studies have been reported on the shear properties of multi-rough rock joints under CNS boundary conditions (Liu et al., 2017). Although laboratory testing is the most common approach for investigating the shear mechanism of rock joints, setting up experiments is expensive and time-consuming (Saadat and Taheri, 2020). Experimental investigations require researchers to generate a wide range of specimens using various materials and conduct laboratory experiments using advanced laboratory equipment. Compared with laboratory tests, numerical simulations can consider more factors and have significant advantages in time, cost, and complexity (Li et al., 2021a; Li et al., 2021b). DEM based on discontinuous media is a direct modeling approach of joint shear damage and has been widely and successfully applied in modeling the shear behavior of rock joints. Numerical codes based on DEM include UDEC, 3DEC, PFC2D, PFC3D, etc. This method uses contact relations between discrete units instead of complex intrinsic relationships, and it can effectively simulate the macroscopic mechanical behavior of block or granular structural materials. In addition, due to the great complexity in natural jointed systems in surface morphology and spatial distributions, tests on models with parallel joints are still an effective approach for understanding the shear behavior of jointed rock masses. In this paper, a distinct element code UDEC was used to study the shear characteristics of double rough parallel joints under CNS boundary conditions. The evolutions of shear stress, normal stress, normal displacement, and SRI of parallel joints with different JRCs and joint spacing during the entire shear process were analyzed.
CONSTRUCTION OF RANDOM MORPHOLOGY ROCK JOINT
The JRC was proposed by Barton (1973). JRC is used to describe the surface irregularities, and it ranges from 0 (completely smooth and planar) to 20 (rough and uneven). Generally, JRC is obtained by examining the joint surface using Barton's comb and comparing it with the 10 standard rock profiles proposed by Barton and Choubey (1977). This method is obviously empirical and significantly depends on personal experiences. Therefore, many scholars (Tse and Cruden, 1979; Li and Huang, 2015; Wang et al., 2019) have devoted themselves to the quantitative measurement of JRC from different perspectives. Among them, the method proposed by Tse and Cruden (1979) is widely accepted. Based on this method, the independent segmentation method of Hurst exponent was used to simulate random morphology rock joint, and the specific implementation process is as follows (Zhao et al., 2013).
(1) Suppose the initial joint profile be a straight line;
(2) Split the line with a random point P;
(3) On both sides of the point P, bisect the line with 0.5 mm equipartition distance;
(4) In the vertical direction, the offset of each equipartition point on both sides of the split point with respect to the previous equipartition point is P(x).
[image: image]
where W is the amplitude-dependent parameter; R is a normally distributed random variable with a mean of 0 and a variance of 1; x is the distance from the equipartition point to the point P; H is the Hurst exponent.
(5) Perform JRC calculation of random morphology rock joint. Tse and Cruden (1979) showed that for the Barton standard profile, the relationship between JRC and the root mean square of the first derivative of the profiles Z2 satisfies Eq. 2, and the correlation coefficient between the two reached 0.9863.
[image: image]
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where L is the total length of the joint profile; (xi + 1 - xi) is the measurement step width; yi and yi+1 are the coordinates of the y-axis of the ith and i + 1-th joint discrete points; n is the number of discrete points of the joint profile.
The joint profile parameters in Table 1 were used. The calculation program was written in MATLAB language to construct joint profiles with five different JRC values. These JRC values were calculated according to Eqs. 2 and 3. Figure 1 shows five random morphology rock joint profiles called J1, J2, J3, J4, and J5. The height of the joint undulation is magnified by a factor of 3 with respect to the joint length. It is found that the JRC of the joints increases with the increase of undulation. The construction of different rock joint profiles provides a basis for studying the shear characteristics of double rough parallel joints.
TABLE 1 | Rock joint profile parameters with random morphology.
[image: Table 1][image: Figure 1]FIGURE 1 | Random morphology rock joint profiles with different JRC values. (A) J1 (JRC = 2.398). (B) J2 (JRC = 7.593). (C) J3 (JRC = 12.481). (D) J4 (JRC = 15.241). (E) J5 (JRC = 18.224).
NUMERICAL MODEL UNDER CONSTANT NORMAL STIFFNESS BOUNDARY CONDITION
Continuously Yielding Joint Model
The continuously yielding (CY) model developed by Cundall and Lemos (1990) is expected to simulate the nonlinear behavior of rock joints observed during the direct shear testing. Compared with the conventional Mohr–Coulomb slip model, the essential features of the CY model in shear loading can account for joint shear and normal stiffness dependence of normal stress and nonlinear hardening and softening behavior in the post-peak stage.
The incremental normal stress [image: image] in response to normal loading can be expressed as
[image: image]
where [image: image] is joint normal stiffness; [image: image] is joint normal displacement increment.
The model assumes that the joints are not tensile, and [image: image] is a quantity related to the normal stress.
[image: image]
where [image: image] and [image: image] are constants that are experimentally determined.
This model can show irreversible nonlinear behavior from the onset of shearing. The shear stress increment [image: image] is expressed as
[image: image]
where [image: image] is joint shear stiffness; [image: image] is joint shear displacement increment. Factor F is the governing parameter of the tangent modulus, which may be considered as an index of stress path history, and is expressed as
[image: image]
where [image: image] is the current shear stress; [image: image] is failure stress at a given plastic displacement; factor r is intended to restore the elastic stiffness immediately after a load reversal. The initial value of r is 0. r is set to [image: image] when the direction of the applied shear load is reversed. Therefore, the CY model can represent the hysteresis in cyclic shear loading.
[image: image] is expressed as
[image: image]
where [image: image] is the mobilized friction angle, and it decreases with the increase of shear displacement.
[image: image]
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where [image: image] is the initial internal friction angle; [image: image] is the plastic displacement increment; [image: image] is residual internal friction angle; R represents the speed at which the initial friction angle changes to the residual friction angle. The smaller the R, the faster the rate of change.
Numerical Model
The practical implications of CNS boundary conditions are movements of unstable blocks in an underground excavation (Figure 2). In Figure 2A, the failure mode of the unstable rock block between two parallel joints is shear-slip failure along the joints. The sliding of such block inevitably increases the normal stress, which in turn increases shear resistance. The size of the unstable block is largely controlled by the joint spacing of a particular set of joints. The CNS boundary condition is usually simulated as an elastic spring with normal stiffness kcns, and the value of kcns is externally controlled by the adjacent rock mass across the joint interface (Thirukumaran and Indraratna, 2016). Apart from this boundary effect, the surfaces of natural rock joints in hard rock are always rough, which has an influence on the shear behavior of joints. Based on Figure 2A, the conceptual model of double rough parallel joints subjected to shear stress under CNS conditions is illustrated in Figure 2B. The joint surface is aligned parallel to the shear direction. The compression of the spring indicates joint dilation and results in an increase in normal stress. The normal stress [image: image] during the shear process varies as a function of initial normal stress [image: image], spring normal stiffness kcns, and joint dilation [image: image]. The shear behavior is governed by initial normal stress, joint surface roughness, normal stiffness magnitude, shear-slip displacement, and joint spacing.
[image: Figure 2]FIGURE 2 | Double joint shear-slip failure in an underground excavation. (A) Block failure in wall. (B) Conceptual model of CNS shearing.
To simulate the direct shear test of double rough parallel joints under CNS boundary conditions, the laboratory scale numerical model in UDEC software was established, as shown in Figure 3. The model consists of two blocks where the spring is simulated by the top block to implement the CNS condition, and the rock specimen is simulated by the bottom block. The size of the top spring block is 100 mm in length and 50 mm in height, and the size of the rock block is 100 × 100 mm. To investigate the impact of surface roughness of rock joints on the overall shear behavior, five different rock joint profiles with known JRC values of 2.398 (smooth), 7.593 (rough), 12.481 (rough), 15.241 (very rough), and 18.244 (very rough) in Figure 1 were selected. The rough joints were digitized in AutoCAD software and imported into the numerical model by “crack commands” using the FISH function of UDEC. The two joints with the same JRC values in each numerical model represent one set of joints. They are equally spaced on both sides of the midline in the height direction of the rock block. The CY joint model was used for the joint constitutive model. The normal stiffness corresponding to the spring block is taken as 6 GPa/m, and its stiffness magnitude is mainly determined by the bulk modulus and shear modulus of the spring block. The microparameters of the CY joint model and the macroparameters of the spring block and rock block are shown in Table 2 from the research results of Masivars (2006). The initial normal stress of 3 MPa was applied to the top of the spring block, and the model was allowed to achieve equilibrium. The spring block was fixed in the x-direction on the sides and in both the x-direction and y-direction on the top boundary after the stress was applied. The block located between the spring block and the upper joint was fixed in the x-direction on the vertical sides of the block. The bottom boundary of the lower rock block was fixed in the y-direction. A horizontal velocity of 0.001 m/s was applied on the left wall of the bottom block between the lower joint and the bottom boundary to simulate the shear procedure.
[image: Figure 3]FIGURE 3 | Direct shear numerical model of double rough parallel joints under CNS conditions.
TABLE 2 | Calculation parameters of block and joint model.
[image: Table 2]Model Validation
Under the CNS boundary condition, the increment of normal stress is linearly related to the increment of shear dilation displacement, and the ratio is the normal stiffness. To verify that the normal stiffness remains constant during shear, a specimen with JRC = 12.481 and the joint spacing of 5 mm was used as an example to plot the relationship between shear dilation displacement and normal stress, as shown in Figure 4. It can be observed that the normal stress increases with an increase in the shear dilation displacement. The two are well fitted by a linear function with the slope and intercept approximately equal to the set normal stiffness and initial normal stress, respectively. The coefficient of determination R2 is 0.9998. The results mentioned earlier show that the model can better achieve the CNS boundary condition required for the present study.
[image: Figure 4]FIGURE 4 | Shear dilation displacement and normal stress relation.
RESULTS AND ANALYSIS
Comparison of the Shear Properties of Single and Double Joints
To investigate the influence of CNS condition on the overall shear performance of double joints, a series of numerical CNS direct shear tests of single and double joints were carried out on different rock joint profiles J2, J3, and J4. Three different rock joint profiles have known JRC values of 7.593, 12.481, and 18.224, respectively, and the spacing of double joints is 10 mm. Haque (1999) used the spring system to model the CNS direct shear boundary and selected the CY joint model in UDEC; the numerical simulation results are in an excellent agreement with the laboratory data to ensure the capability of the numerical method in reproducing the shear mechanical behavior of the physical specimen.
Figure 5 gives the comparison of shear stress-displacement relations of two kinds of specimens under CNS boundary conditions. It can be seen that the relation curves are divided into four main stages: the elastic stage, the transitional stage, the post-peak stage, and the shear-hardening stage. At the elastic stage, the shear stress increases linearly with the increase of shear displacement. At the transitional stage, the curve is an arc-shaped line and tends to flatten, indicating that the shear stress increases slowly and the initial shear stress peak τy appears. At the post-peak stage, the shear stress decreases gradually with shear displacement. At the shear-hardening stage, the shear stress increases slowly with the increase of shear displacement, and the shear-hardening phenomenon is more obvious in a single-joint specimen than a double-joint. Due to the interaction between the joints, τy is reduced by 11.43% (JRC = 7.593), 15.49% (JRC = 12.481), and 9.69% (JRC = 15.241) for the double-joint specimens compared with the single-joint, respectively. These findings correspond with the laboratory experiment results of Han (2019). In addition, τy increases by 83.64 and 87.24%, respectively, for single- and double-joint specimens as JRC values increase from 7.593 to 18.224.
[image: Figure 5]FIGURE 5 | Shear displacement-stress relation of single- and double-joint specimens.
Figure 6 shows the comparison of normal-shear displacement relations of the single- and double-joint specimens under CNS boundary conditions. At the initial stage of shear, the shear shrinkage phenomenon occurs in both single- and double-joint specimens. With the increase of shear displacement, the normal displacement gradually increases from negative to positive, and the phenomenon of shear dilation appears. The greater the joint roughness, the more significant the shear dilation, which is because the increase of JRC leads to the greater undulation angle of joints and the more significant climbing effect. The increase rate in normal displacement decreases with the development of shearing due to the progressive increase in deformation of the joint asperities. Figure 7 shows the variation of normal stress with shear displacement for the single- and double-joint specimens. Compared with the single-joint, the normal displacement and normal stress of the double-joint specimens are smaller. When the shear displacement is 6 mm, the normal displacement of the double-joint specimens decreases by 15.67% (JRC = 7.593), 27.98% (JRC = 12.481), and 21.71% (JRC = 15.241), and the normal stress of the double-joint decreases by 5.73% (JRC = 7.593), 17.04% (JRC = 12.481), and 12.81% (JRC = 15.241).
[image: Figure 6]FIGURE 6 | Shear-normal displacement relation of single- and double-joint specimens.
[image: Figure 7]FIGURE 7 | Shear displacement and normal stress relation of single- and double-joint specimens.
It is difficult to define a peak point under the CNS condition because test results under certain CNS conditions cannot clearly show maximum shear stress values. Therefore, Lee et al. (2014) defined the ratio of shear stress to normal stress during shearing of rock joints under CNS boundary conditions as the SRI because it always showed a clear peak point under all conditions. Figure 8 represents the variation of SRI with shear displacement for single- and double-joint specimens. The curve is divided into three phases: pre-peak phase, post-peak phase, and residual phase. In the pre-peak phase, SRI gradually increases with the increase of shear displacement, and its growth rate gradually decreases. In the post-peak phase, SRI gradually decreases with the increase of shear displacement. In the residual phase, SRI fluctuates in small increments. For both single- and double-joint specimens, the SRI variation curve gradually shifts upward as the JRC increases and its peak surface resistance index (SRIp) gradually increases. For the same JRC, the SRI of the single-joint is greater than that of the double-joint, and the shear displacement corresponding to the SRIp of the single-joint is smaller than that of the double-joint. The SRIp values of the single-joint were 3.98% (JRC = 7.593), 12.84% (JRC = 12.481), and 13.61% (JRC = 15.241) lower than those of the double-joint, respectively.
[image: Figure 8]FIGURE 8 | Shear displacement and SRI relation of single- and double-joint specimens.
Effect of Joint Spacing on Shear Behavior of Double Joints
To investigate the effect of joint spacing on the shear behavior of double joints, four different spacings of 5, 10, 15, and 20 mm were set for each of the five different joints of J1, J2, J3, J4, and J5, respectively. The variation characteristics of shear stress, normal displacement, normal stress, and SRI of the double-joint were investigated. Figure 9 gives the variation of shear stress with shear displacement for joint J3 with different spacings. τy gradually increases with the increase of the joint spacing. Figure 10 gives the variation of normal displacement with the shear displacement of J3 at different spacings. The normal displacement gradually increases with the increase of joint spacing, and also, the larger shear displacement leads to the more obvious increase of normal displacement. Figure 11 gives the variation of normal stress with shear displacement at different spacings of J3. The normal stress gradually increases with the increase of the joint spacing. Figure 12 gives the variation of SRI with shear displacement for different spacing of J3, and SRIp gradually increases as the joint spacing increases.
[image: Figure 9]FIGURE 9 | Shear displacement-stress relation of J3 with different spacings.
[image: Figure 10]FIGURE 10 | Shear-normal displacement relation of J3 with different spacings.
[image: Figure 11]FIGURE 11 | Shear displacement and normal stress relation of J3 with different spacings.
[image: Figure 12]FIGURE 12 | Shear displacement relation and SRI of J3 with different spacings.
All data under each scenario were recorded to obtain τy, normal displacement δv6, and normal stress σn6 at the shear displacement of 6 mm and SRIp, as summarized in Table 3.
TABLE 3 | Summary of τy, δv6, σn6, and SRIp data.
[image: Table 3]The effect of joint spacing and JRC on τy in the double-joint is shown in Figure 13. From Figure 13A, it can be seen that for the same JRC, τy tends to increase gradually as d increases. As d increases from 5 to 20 mm, τy increases by 3.45% (JRC = 2.398), 15.51% (JRC = 7.593), 16.04% (JRC = 12.481), 17.69% (JRC = 15.241), and 28.51% (JRC = 18.224), respectively. As the JRC increases, the effect of the joint spacing on τy becomes greater. As can be seen from Figure 13B, for the same joint spacing, τy tends to increase linearly as JRC increases, with fitted straight-line slopes of 0.242–0.325 and R2 = 0.9607–0.9821.
[image: Figure 13]FIGURE 13 | Variation of τy with d and JRC. (A) d-τy. (B) JRC-τy.
Figure 14 shows the variation of the normal displacement δv6 with the joint spacing d and JRC at the shear displacement of 6 mm. It can be seen that for the same JRC, δv6 shows a gradual increase with an increase of d. When d increases from 5 to 20 mm, the increases are 20.86% (JRC = 2.398), 8.06% (JRC = 7.593), 16.99% (JRC = 12.481), 22.97% (JRC = 15.241), and 21.53% (JRC = 18.224). For the same d, δv6 tends to increase as JRC increases. δv6 and JRC can be better fitted using a linear function with the slope of 0.0474–0.0586 and R2 = 0.9742–0.9893. The increased amplitude in δv6 increases gradually with the increase of d.
[image: Figure 14]FIGURE 14 | Variation of δv6 with d and JRC. (A) d-δv6. (B) JRC-δv6.
Figure 15 shows the variation of the normal displacement σn6 with the joint spacing d and JRC at the shear displacement of 6 mm. It can be seen that for the same JRC, σn6 shows a gradual increase with an increase of d. When d increases from 5 to 20 mm, the increases of σn6 are 5.64% (JRC = 2.398), 3.64% (JRC = 7.593), 9.36% (JRC = 12.481), 13.73% (JRC = 15.241), and 14.53% (JRC = 18.224). For the same d, σn6 tends to increase as JRC increases. σn6 and JRC can be better fitted using a linear function with a slope of 0.284–0.352 and R2 = 0.9734–0.9881. The increased amplitude in σn6 increases gradually with the increase of d.
[image: Figure 15]FIGURE 15 | Variation of σn6 with d and JRC. (A) d-σn6. (B) JRC-σn6.
Han (2019) experimentally investigated the influence of two different joint spacing and JRC values on the mechanical behavior of double-joint specimens during shearing under CNS boundary conditions and found that both joint spacing and JRC have significant effects on peak SRI, and the effect of JRC is greater than that of joint spacing. On this basis, we performed numerical tests of four different joint spacing and five different JRC vales. Figure 16 shows the variation of SRIp with d and JRC. It can be seen that for the same JRC, SRIp tends to increase gradually as d increases. As d increases from 5 to 20 mm, the increases of SRIp are 1.85% (JRC = 2.398), 8.53% (JRC = 7.593), 9.86% (JRC = 12.481), 11.92% (JRC = 15.241), and 16.38% (JRC = 18.224). As JRC increases, the effect of d on SRIp becomes greater. For the same d, SRIp tends to increase with the increase of JRC. SRIp and JRC can be better fitted using a linear function with a slope of 0.0341–0.0437 and R2 = 0.9884–0.9985. The findings discussed earlier of numerical tests are consistent with the results of Han (2019).
[image: Figure 16]FIGURE 16 | Variation of SRIp with d and JRC. (A) d-SRIp. (B) JRC-SRIp.
CONCLUSION

(1) Under CNS boundary conditions, shear stress, normal displacement, normal stress, and SRI all increase with the increase of JRC for both single- and double-joint specimens, and these of the single-joint are greater than these of the double-joint.
(2) Under the CNS boundary conditions, for the same JRC, the initial peak shear stress τy and the SRIp show a gradual increase with the increase of the joint spacing d. When d increases from 5 to 20 mm, the increases of the two parameters are 3.45–28.51% and 1.85–16.38%, respectively, and as the JRC increases, the effect of d on the two parameters is larger. For the same d, the two parameters tend to increase linearly with an increase of JRC.
(3) Under the CNS boundary conditions, for the same JRC, the normal displacement and normal stress show a gradual increase with the increase of d. When d increased from 5 to 20 mm, the increase of the two parameters are 8.06–22.97% and 3.64–14.53%, respectively, at the shear displacement of 6 mm. For the same d, with the increase of JRC, the two parameters gradually increase, and the increase amplitudes gradually increase with the increase of d.
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Based on the two-dimensional discrete element software UDEC, this article studied the dynamic response laws of rock slopes with inverse nonpersistent joints by the combination of different dip angles and spacing of joint and length of rock bridge under earthquake. The results showed that the existence of the joint surface had a significant impact on the dynamic response of the slope. When the dip angle of inverse nonpersistent joint increases or the joint spacing decreases, the PGA amplification factor of each monitoring point on the slope surface increases, and the influence range is mainly concentrated in the middle of the slope surface to the slope shoulder. Along the horizontal direction of the slope, closer to the shoulder of the slope, the PGA amplification factor increases with the increase of the joint dip angle and the decrease of rock bridge length and joint spacing; along the vertical direction, the PGA amplification coefficient curve increases first, then decreases, and then increases with the change of elevation, and the dynamic response of slope reacts the most violent where the joints are densely developed.
Keywords: rock slope, earthquake, dynamic response, rock bridge, inverse non-persistent joint, UDEC
INTRODUCTION
Rock slope damage caused by the earthquake is a common geological disaster (Li et al., 2007). In the last century, the failure of rock slopes accounted for nearly 30% of all kinds of natural geological disasters caused by earthquakes. With the acceleration of the development in the western region of China, especially the construction of a number of large-scale infrastructure projects, the geological problems of rock slope disasters caused by earthquakes in the fields of highways, railways, cross-basin water transfer, and promoting urbanization in mountainous areas will be more prominent.
There are many factors controlling the seismic dynamic stability of rock slopes (Zhang et al., 2016), among which the spatial development characteristics and physical and mechanical properties of the internal structural plane play a major role. A large number of joints are usually developed in the rock mass, and the joints of the rock mass are not completely penetrated. The rock mass is cut into discontinuous bodies. At present, many scholars have made in-depth discussions on the influence of the bedding joint fissures developed in the rock mass on the stability of the slope rock mass and achieved certain results (Kang, 2018; Lin et al., 2019). However, in reality, the joints are abundant, and the research on the anti-dip discontinuous joints distributed in the slope is rarely reported. In addition, due to the suddenness and unpredictability of the earthquake, the dynamic response characteristics of the anti-dip discontinuous rock slope are very complex. In-depth exploration of this problem has very important practical significance and engineering value for dynamic stability evaluation, earthquake-induced landslide risk prediction, and engineering treatment of anti-dip intermittent jointed rock slope.
At present, the research methods of rock slope stability and dynamic response under earthquakes mainly include slope failure mechanism research based on earthquake damage experience (Guoxinag, 2012) (Guo et al., 2017), physical model test based on the shaking table test (Runqiu et al., 2013; Fan et al., 2016; Yang et al., 2018), and dynamic response research based on numerical analysis (Liu et al., 2012). At first, the research on slope stability from the perspective of actual seismic damage investigation mainly focused on the description and introduction of seismic damage (Yang, 2018). With the aggravation of seismic disasters, some scholars investigated the relationship between earthquakes and slope failure from the perspective of seismic damage statistics (Wang, 2001; Runqiu and Weile, 2008; Yin, 2009). Wang et al. put forward two improved calculation formulas for predicting the seismic collapse of rock and soil slopes by calculating and analyzing the comprehensive index values and comparing the calculated results with the seismic damage performance of natural slopes in historical earthquakes in China (Wang, 2001). Yin studied the development and distribution of geological disasters triggered by the '5.12′ Wenchuan earthquake (Yin, 2009). It was concluded that terrain slope is one of the controlling factors for the development of geological disasters, and most disasters are concentrated in the range of 20°–50°. Based on the statistics of collapse disasters in Wudu District of Gansu Province during Wenchuan earthquake, Chen pointed out that the thick strata with developed joints were the main factor inducing collapse (Chen, 2011). The shaking table test is an important means to simulate the response of the model under seismic load in the laboratory. The response of the model is studied by the similarity principle and dimensional analysis method (Xu, 2008; Xu, 2010; Xiao et al., 2017). Xu et al. designed and completed a 1:10 scale large-scale shaking table model test of the slope, revealing the instability mechanism of slope under seismic action (Xu, 2008). Yin focused on dissecting three typical examples of Niujuangou landslide-debris flow in Yingxiu, Wenchuan, located in the southwest part of the seismic rupture zone (initial epicenter), Beichuanchengxi landslide located in the middle part of the seismic rupture zone, and Qingchuandonghekou landslide-debris flow located in the northeast part of the seismic rupture zone, and analyzed the high-speed and long-distance characteristics of the seismic landslide (Yin, 2009). Xu et al. designed and completed a large-scale shaking table test with a ratio of 1:100 based on the typical slope of the " 5 · 12 ″ Wenchuan earthquake disaster area and systematically studied the seismic dynamic response characteristics of the model slope (Xu, 2010). Based on the prototype slope, Fu et al. designed a large-scale shaking table model test. By monitoring the axial force of anchor cable, soil pressure of pile body, slope acceleration, and slope displacement time history, they studied the seismic dynamic characteristics of the composite structure of the multi-level anchor cable frame beam and double-row anti-slide pile to strengthen the rock slope with a weak interlayer (Xiao et al., 2017). On the other hand, with the development of computer technology, numerical simulation technology has been widely used in seismic dynamic stability analysis of rock slopes (Liu et al., 2004; Potyondy and Cundall, 2004; Li, 2007; Guo et al., 2011; Camones et al., 2013). Liu et al. used UDEC to simulate the dynamic response of Huangmailin Phosphorite rock slope under explosion and compared with the field-measured results. The results showed that the numerical simulation results are in good agreement with the measured results (Liu et al., 2004). Li et al. compared the limit analysis method and the finite element numerical simulation method to solve the failure mechanism of the slope under earthquake action. The results showed that the numerical simulation method can better estimate the failure mechanism of the slope (Li, 2007). Guo et al. used the dynamic finite element method (DFEM) to analyze the vibration characteristics and dynamic response of rock and soil slope under seismic load, and combined DFEM with the vector sum analysis method (VSAM), the safety factor of slope at any time can be easily obtained (Guo et al., 2011). However, it involves engineering geology, seismic engineering, rock mechanics, and other disciplines, and the physical and mechanical properties of the research object are complex. Therefore, it is urgent to further deepen the understanding of the failure mechanism and dynamic response law of anti-dip intermittent jointed rock slopes under earthquake action.
In recent years, the two-dimensional discrete element software UDEC has shown significant advantages in simulating the response of jointed rock systems and rock masses under dynamic load conditions, and thus it has gradually become a powerful tool for geotechnical analysis and research. Based on UDEC 7.0, this article will study the influence of joint inclination, rock bridge length, and joint spacing on the dynamic response of anti-dip discontinuous jointed rock slopes under seismic conditions by inputting seismic waves, which provides a reference for the dynamic stability evaluation of such rock slopes.
DISCRETE ELEMENT NUMERICAL MODEL CONSTRUCTION
Material Model and Parameter Determination
The numerical simulation uses UDEC 7.0 software. The slope constitutive model adopts Mohr–Coulomb model of the general rock model, considering plastic characteristics. The joint adopts contact-Coulomb slip model (joint model area), which needs to input joint cohesion and joint friction angle, joint normal stiffness and joint tangential stiffness, and other parameters. Among them, combined with the actual rock mass parameters, referring to the discrete element simulation analysis of Shentong (Shen et al., 2014), the normal stiffness of the joint will be determined which used the formula proposed by Cho (Cho et al., 2007):
[image: image]
where kn is the normal stiffness of the joint, Zmin is the minimum width of the area adjacent to the contact surface in the vertical direction, and K and G are the bulk modulus and shear modulus of the block, respectively. Considering the calculation efficiency, the maximum side length of the grid is set to 15 m. After many trial calculations and checks, the parameters are determined in Table 1.
TABLE 1 | Physico-mechanical parameters of the model slope.
[image: Table 1]Boundary Condition Setting and Seismic Wave Input
First, the velocity in the y-direction is fixed at the bottom of the model, and the velocity in the x-direction is fixed at both sides. The slope top and slope surface are free boundaries, and then the self-weight balance is calculated. In the dynamic response analysis of slope under seismic action, it is necessary to input seismic waves at the bottom of the model. In order to prevent the reflection of seismic waves at the boundary of the model, it is necessary to set the two sides of the model to the free field boundary and the bottom boundary to the viscous boundary.
Considering the complexity of the real slope geological structure, after reasonable generalization, the rock slope model with anti-inclination discontinuous joints is established, as shown in Figure 1. There are 21 monitoring points along the slope surface, horizontal direction, and vertical direction to monitor the acceleration of rock mass.
[image: Figure 1]FIGURE 1 | Diagram of the model and monitoring points of slope.
The first 60 s of the seismic wave measured at Mianzhuqing platform station in 2008 Wenchuan earthquake is used as the bottom of the horizontal seismic wave input model, and the acceleration time history curve is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Acceleration time-history curve of the earthquake wave.
Slope Model Scheme
In UDEC, there are generally three steps to generate the final model:
1) Generate model geometry.
2) Define the constitutive model and material parameters.
3) Specify boundary conditions and initial conditions.
The influence of joint dip angle, rock bridge length, and joint spacing on the dynamic response of slope is studied by establishing five models with different joint dip angles, rock bridge length, and joint spacing. The parameters of each slope model are shown in Table 2, and the schematic diagram of slope model size and slope anti-dip discontinuous joint parameters is shown in Figure 3. Among them, D is the joint spacing, Lj is the joint length, Lr is the rock bridge length, and α is the joint dip angle (counterclockwise direction). The slope model with different joint dip angles, rock bridge length, and joint spacing is shown in Figure 4.
TABLE 2 | Model parameters.
[image: Table 2][image: Figure 3]FIGURE 3 | Diagram of the model dimension and nonpersistent joint in the slope (unit: m).
[image: Figure 4]FIGURE 4 | Sketches of simulation models. (A) Model 1 (B) Model 2. (C) Model 3. (D) Model 4. (E) Model 5.
STUDY ON THE DYNAMIC RESPONSE OF SLOPE
According to the model set in Figure 4 and the monitoring point layout scheme in Figure 1, the acceleration time history curves of 21 monitoring points are obtained, and the dynamic response of slope under earthquake is studied. In this article, the PGA amplification factor is used to analyze peak ground acceleration (PGA). The ratio of peak acceleration of dynamic response to peak acceleration of the input seismic wave is defined as the PGA amplification factor.
Effect of Joint Inclination Difference
Under seismic action, the PGA amplification coefficients of nine monitoring points on the slope surface are shown in Figure 5A. The horizontal distance of monitoring points in the figure refers to the horizontal distance between the monitoring points and the origin of the lower-left corner coordinate of the model (as shown in Figure 3). The PGA amplification coefficients of monitoring points (points 9, 10, 11, 12, 13, and 14) along the horizontal direction of the slope are shown in Figure 5B. The PGA amplification coefficients of monitoring points (points 12, 15, 16, 17, 18, 19, 20, and 21) along the vertical direction of the slope are shown in Figure 5C. The joint dip angles of Model 1 and Model 2 are 30°and 45°, respectively, and there is the only difference in joint inclination between the two models.
[image: Figure 5]FIGURE 5 | PGA amplification factor of the monitoring points of slope. (A) Distribution of the PGA amplification factor at monitoring points along the slope surface. (B) Distribution of the PGA amplification factor at horizontal monitoring points. (C) Distribution of PGA amplification factor at vertical monitoring points.
It can be seen from Figure 5A that the PGA amplification first increases, then decreases, and then increases on the slope surface, and the acceleration amplification effect is the most significant at the shoulder position. When the dip angle of anti-dip discontinuous joints increases, the PGA amplification coefficient of each monitoring point on the slope surface increases, and the changing trend is significant from the middle of the slope surface to the top of the slope, while the change is relatively insignificant from the foot of the slope to the middle of the slope surface.
The dynamic response of the degree of rock mass along the horizontal direction is significantly correlated with the distance between rock mass and slope surface. As shown in Figure 5B, the PGA amplification coefficient decreases from the shoulder to the middle of the slope top and increases from the middle of the slope top to the trailing edge of the slope. With the increase of the joint dip angle, the PGA amplification coefficient of each monitoring point along the horizontal direction increases.
In the elevation direction, as shown in Figure 5C, with the increase of the joint surface, the maximum value of the PGA amplification coefficient increases. Due to the existence of the anti-inclined discontinuous joint surface, the PGA amplification coefficient does not show a monotonous increase with the increase of slope height but experiences a process of first increase, then decrease, and then increase, and the decrease occurs near the structural surface, indicating that when the seismic wave passes through the anti-inclined joint surface, the joint surface plays a certain degree of attenuation in its propagation.
Effect of Length Difference of Rock Bridge
The rock bridge lengths of Model 1 and Model 3 are 25 and 50 m, respectively, and only the rock bridge lengths are different between the two models.
It can be seen from Figure 6A that the PGA amplification coefficients of each monitoring point along the slope surface are basically the same, indicating that the difference in rock bridge length has no obvious effect on the PGA amplification coefficients of monitoring points along the same slope surface.
[image: Figure 6]FIGURE 6 | PGA amplification factor of the monitoring points of slope. (A) Distribution of the PGA amplification factor at monitoring points along the slope surface. (B) Distribution of the PGA amplification factor at horizontal monitoring points. (C) Distribution of the PGA amplification factor at vertical monitoring points.
In the horizontal direction, as shown in Figure 6B, with the increase of the length of the rock bridge, the PGA amplification coefficient of the slope decreases slightly, indicating that the increase of the length of the rock bridge has an influence on the dynamic response of the slope along the horizontal direction under a certain range.
Compared with the long slope, the slope with a shorter rock bridge length has bad slope stability, as shown in Figure 6C. In general, in the elevation direction, the PGA amplification factor is larger, and the length of the rock bridge is in negative correlation with the PGA amplification factor of monitoring points. The shorter the length of the rock bridge is, the greater the PGA amplification factor is, and the changing trend is significant from the middle of the slope to the top of the slope.
Effect of Joint Spacing Difference
The joint spacings of Model 4 and Model 5 are 35 and 17.5 m, respectively, and there is the only difference in joint spacing between the two models.
Joint spacing will affect the integrity of rock mass, thereby affecting slope stability. It can be seen from Figure 7A that when the anti-dip intermittent joint spacing decreases, the PGA amplification coefficient of each monitoring point on the slope surface increases, and the changing trend is significant from the middle of the slope surface to the shoulder of the slope, while the change is relatively insignificant at the foot of the slope. It can be seen that the smaller the joint spacing is, the worse the stability of the slope near the dense joint development is, and thus it is more prone to failure.
[image: Figure 7]FIGURE 7 | PGA amplification factor of the monitoring points of slope. (A) Distribution of the PGA amplification factor at monitoring points along the slope surface. (B) Distribution of the PGA amplification factor at horizontal monitoring points. (C) Distribution of the PGA amplification factor at vertical monitoring points.
Overall, as shown in Figure 7B, along the horizontal direction, with the decrease o joint spacing, the PGA amplification coefficient of each monitoring point of the slope increases slightly, but the influence range is mainly limited to the middle of the slope top to the trailing edge of the slope.
In the elevation direction, as shown in Figure 7C, there is a negative correlation between the joint spacing and the PGA amplification coefficient of the monitoring point. The smaller the joint spacing is, the greater the PGA amplification coefficient is, and the changing trend is the most significant in the middle of the slope. In general, the more intensive the joint surface develops, the worse the integrity of the slope rock mass and the worse its stability are; so, the seismic dynamic response is stronger.
It is concluded that when the seismic wave propagates in the fractured slope, the stress wave will produce reflection and refraction when it encounters intermittent joints. When the stress wave propagates to the surface of the slope, it will also produce reflection and refraction in the surface of the rock mass, which makes the stress wave in the rock mass occur local superposition, thus aggravating the dynamic response of the slope and making the slope stability worse.
CONCLUSION
Based on the two-dimensional discrete element software UDEC, this article has studied the dynamic response law of anti-dip intermittent jointed rock slopes with different combinations of joint inclination, rock bridge length, and joint spacing under seismic action.
The results have shown that the existence of the joint surface has a significant impact on the dynamic response of the slope. When the anti-inclined intermittent joint angle increases or the joint spacing decreases, the PGA amplification coefficient of each monitoring point on the slope surface increases, and the influence range is mainly concentrated in the middle of the slope surface to the shoulder. Along with the horizontal direction of the slope, closer to the shoulder, the PGA amplification coefficient increases with the increase of the joint dip angle and the decrease of rock bridge length and joint spacing. In the vertical direction, the PGA amplification coefficient curve generally shows a trend of first increase, then decrease, and then increase with the change of elevation, and the response is the strongest at the densely developed joints.
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In this study, the mechanical properties of composite foundations in red mud ground were examined, and the reinforcement effect of composite foundation dams with mixed geopolymer piles of fly ash and red mud were determined. The feasibility of red mud geopolymers as pile materials for composite foundations was verified by laboratory and field tests. The static load test of the red mud geopolymer foundation showed that the effective length of the pile body in the red mud foundation is approximately 8 m, and the stress of the soil layer is generally limited within 2 m below the ground surface. The results also showed that the principal load is supported by the pile body, while the bearing capacity of this kind of foundation is mainly provided by the side friction of the pile. The bearing mechanism of the new foundation is similar to that of conventional mixed composite ground. This is of great significance to optimize the red mud geopolymer foundation design and maximize the use of the pile bearing properties. Overall, there is a positive role in promoting the development of red mud dam reinforcement technology.
Keywords: red mud, geopolymer, composite ground, bearing characteristic, contaminant
INTRODUCTION
Red mud is an insoluble industrial solid waste from aluminum production plants (Luo et al., 2017). It is estimated that the total stockpile of red mud across the world is more than 3 billion tons and about 120 million tons of red mud are produced around the world per year, the comprehensive utilization of red mud is a worldwide problem (Bai et al., 2017a; Zhu et al., 2017). With an increasing number of red mud waste, new storage sites need to be constructed for stockpiles, which occupy the existing land resources (Sahu et al., 2010; Kong et al., 2017; Taherdangkoo et al., 2020a). To make full use of the existing land resources, it is a significant way to reduce the occupation of cultivated land by continuously increasing the height of the red mud dam and enhancing the capacity of the red mud reservoir. At present, the average height of dry mud yards in China is less than 40 m, which limits the storage reserves of red mud due to the poor properties of the red mud. Therefore, certain reinforcement measurements are adopted for the red mud storage yard to satisfy the increasing height requirements, which has a significant role in improving the height and storage capacity of the red mud storage yard (Walshe et al., 2010; Yuan et al., 2021a).
Red mud includes fluoride, heavy metal ions, aluminum ions, sodium, and radioactive substances. There are highly alkaline chemical components in red mud, which makes it corrosive to all kinds of siliceous, biological, and metallic materials, resulting in a high pH level. The intensely high pH level of red mud is attributed to the existence of many highly alkaline chemical components, which makes it corrosive to metal and biological materials and siliceous materials. Many noxious substances (such as heavy metal ions and radioactive elements) to the environment and human body will be produced in byproducts with the production of red mud (Mishra and Gostu, 2017; Bai et al., 2021a), which may result in groundwater pollution with the infiltration of chemical elements into the soil (Klauber et al., 2011; Bai and Li, 2013; Bai et al., 2018). Some valuable metal materials can be recovered from red mud (Kumar and Kumar, 2013; Zhang et al., 2016), which can be utilized as raw materials to produce high-strength concrete brick and subgrade brick (Kavas, 2006), refractory materials (Yang et al., 2008; Senff et al., 2011; Hua et al., 2017), calcium silicon compound fertilizer, thermal insulation, calcium silicate thermal insulation products (Liu and Naidu, 2014; Rao and Bai, 2020; Taherdangkoo et al., 2020b), and ceramic compound materials. Recently, much attention has been given to the migration of contaminants (Bai and Su, 2012; Bai et al., 2019a). The ion concentration, pH value, critical salt concentration, temperature (Bai et al., 2017b), and double-layer repulsion force of the solution determine the sorption capacity of the fine particles for toxic pollutants (Bai et al., 2021b).
On the other hand, the stability and sliding of red mud storage dam is a problem worthy of attention, which involves the deformation control of engineering dam and the safety evaluation (Hu et al., 2021; Xue et al., 2021), as well as its layered filling process and environmental effects (Bai, 2006). In view of the reinforcement treatment of red mud yards, few studies have been conducted to develop feasible approaches. Some researchers (Xu and Van Deventer, 2000; Yuan et al., 2021b) discussed the construction technology as well as the quality control parameters of quicklime piles and elaborated the properties of red mud and the corresponding foundation. These studies revealed the mechanism of quicklime pile strengthening of red mud foundations and the strength and deformation properties of composite ground and foundations. In recent years, some references extruded the water out of dams through preloading and roller rolling and effectively improved the strength of the red mud through the injection of a solidifying agent (Nie et al., 2016; Taherdangkoo et al., 2021). As a result, the overall safety of the dam body was effectively improved with the use of a geogrid, necessarily including some monitoring measures (Bai XD et al., 2021; Cheng et al., 2021).
In the course of increasing height procedures, the quality of the foundation may not satisfy the requirements due to the poor engineering properties of the red mud. Selecting an effective reinforcement method and improving its bearing properties become important. Therefore, the aim of this research is to reform the mechanical properties of composite pile foundations by using a mixture of fly ash and red mud as pile materials. Combined with a red mud yard reinforcement treatment project in Shanxi, the bearing mechanism of red mud geopolymer piles is studied through field tests. The test results were also compared with the conventional composite pile foundation.
RED MUD GEOPOLYMER
Properties of Raw Materials
Various test methods were accomplished to analyze the physicochemical characteristics of the two materials of red mud and fly ash. Their composition and microstructure were studied, which provided a basis for the theoretical analysis of geopolymer formation.
Table 1 clearly shows that red mud and fly ash widely exist in silica and alumina, which provides a theoretical basis for their preparation of geopolymers. At the same time, red mud with strong alkali properties promotes the production of geopolymers.
TABLE 1 | Chemical composition of fly ash and red mud.
[image: Table 1]Formation Mechanism of Red Mud Geopolymer
Geopolymers are inorganic polymer structures with binding effects and are made of alkalinous reagents (e.g., sodium hydroxide and potassium hydroxide) and aluminum silicate (such as fly ash). During the formation of the geopolymer, the silica oxygen bond and the aluminum oxide bond of aluminate break under the action of alkali solution, forming a series of silicon oxygen tetrahedron and aluminum oxygen tetrahedron units in an oligomeric state. In the process of the reaction, these oligomeric tetrahedron units are gradually dehydrated and repolymerized to form the geopolymer. The reaction process includes the hardening of the inorganic polymer structure, the precipitation of hydration products and the dissolution and polymerization of aluminosilicate material.
The formation mechanism of geopolymers in red mud is different from that of traditional geopolymers. After the mixture of red mud and a kind of fly ash material is excited by sodium hydroxide solution, fly ash particles dissolve in alkaline solution, and the active silicon and active aluminum react to form a gel. However, research shows that SiO2 in red mud remains in a quartz style, and red mud is mainly used as an inert filler. Through the polymerization reaction of fly ash particles, the active particles and inactive fillers are combined to form a cemented matrix. The polymerization theory points out that the polymer network structure is mainly a stable crystal structure formed by Si, Al and O, while the red mud geopolymer product is not a pure crystalline polymer but a composite material of inert filler. Research shows that the geopolymer formed by fly ash material and red mud can obtain greater strength under certain reaction conditions, and it can be used as a pile material to strengthen red mud foundations.
Influencing Factors of Red Mud Geopolymer
According to existing studies (Bai and Shi, 2017; Hu et al., 2018a; Bai et al., 2019b), the composition and mix ratio of raw materials, including the concentration of activator and curing condition, could affect the strength characteristics of red mud geopolymers. In addition, the amount of water in the geopolymer can also affect its properties. However, the understanding of the water effect of geopolymers is insufficient. Research suggests that water only provides a reaction environment and dissolves the geopolymer mixtures, while others suggest that water could participate in geopolymer reactions instead of a dissolution solvent (Nie et al., 2019).
Furthermore, the type and optimum concentration of activator should be determined, and an appropriate water-cement ratio should be adjusted for mixing to ensure the curing time and achieve the required strength.
FEASIBILITY OF RED MUD GEOPOLYMER
Laboratory Test
To study the feasibility of red mud geopolymers as pile materials, strength tests of geopolymers generated under different conditions were carried out in the laboratory. A Bayer red mud sample and a kind of first-grade fly ash from the field were used in the experiment. NaOH alkali solution or NaOH alkali solution mixed with water glass (NaSiO3) was selected as the activator. In fact, the effect of temperature cannot be ignored (Bai et al., 2014; Yang and Bai, 2019; Bai et al., 2021c). For this, the normal temperature (e.g., 20°C) and a high temperature (e.g., 60°C) were selected as different curing conditions (Bai, 2006; Bai et al., 2017b; Bai et al., 2021a).
The test processes were as follows: the red mud was crushed and screened and mixed with fly ash at a mass ratio of 1:1 for 10 min, and the activator was added into the mixture and stirred for 10 min. To guarantee the uniformity of the mixture, the liquid/solid ratio of the test was determined to be 0.5 for economic purposes. During the experiment, the concentration of alkali solution was adjusted from 0 to 10 mol/L (0, 2.5, 5, 7.5, and 10) to determine the optimal concentration. When using a compound of sodium silicate as an activator, the ratio of sodium silicate to sodium hydroxide solution is 2.5. The geopolymer was poured into the test molds and then carefully cured at temperatures of 20 and 60°C for 24 h (Bai and Su, 2012; Bai et al., 2017b). The prepared specimens were removed from the molds and cured at a constant temperature (namely, 20°C). The unconfined compressive strength of the test specimens after reaching the specified age is measured.
As seen from Tables 2, 3, when NaOH alkali solution is used as the activator, the strength of the geopolymers made with red mud and fly ash is low at room temperature after 28 days, and a higher strength can be obtained after 2 months. When the concentration of NaOH alkali solution is 5 mol/L, the unconfined compressive strength of the geopolymers can reach more than 35 MPa. During high-temperature curing, the compressive strength of the geopolymer formed by fly ash material and red mud develops rapidly. When the concentration of NaOH alkali solution is above 5 mol/L, a strength of approximately 15 MPa can be obtained in 7 days, and the strength can reach more than 20 MPa in 28 days. In this case, the optimal concentration of NaOH alkali solution is 7.5 mol/L. It can be interpreted that elevated temperature promotes the alkaline reactivity of the raw materials and enhances the polycondensation reaction of geopolymer, resulting in the rapid growth of early strength of geopolymer under high-temperature curing.
TABLE 2 | UCS of specimens prepared with NaOH activator (MPa).
[image: Table 2]TABLE 3 | UCS of specimens prepared with mixed activator (MPa).
[image: Table 3]When the exciter was a mixture of water glass and NaOH (namely mixed activator), the geopolymer could obtain a higher strength at normal temperature (20°C), and the maximum unconfined compressive strength at 28 d could reach more than 40 MPa. High-temperature curing could improve the early compressive strength; however, it had no effect on the compressive strength at 28 d.
Therefore, when the geopolymer composed of red mud and fly ash matter is utilized as pile raw materials, the unconfined compressive strength can reach 2–3 MPa under normal temperature curing with NaOH alkali solution as the activating agent, and its long-term strength is high, which can be used in composite foundations with low initial strength requirements. To obtain geopolymer materials with high early strength, high-temperature heating and curing and an activator consisting of a NaOH alkali solution and sodium silicate can be considered. At this time, geopolymer materials can be used as a variety of building materials in different projects. In summary, the geopolymer formed by red mud and fly ash can meet the strength requirements.
Field Test
The feasibility test of red mud geopolymer piles was carried out at the construction site (Chen and Chen, 2006). Six geopolymer mixing pile tests were accomplished to measure the bearing capacity of the pile body by in situ static load test. The test piles were constructed by wet mixing method. The solid-liquid ratio of fly ash in NaOH solution premix compound slurry is adopted by the laboratory test. After natural curing for 28 d, static load tests were carried out.
1) Static load test
The test site is located in a red mud yard that needs reinforcement treatment in Jiaokou County, Shanxi Province. As subdams are built on the red mud step by step, the original red mud will be used as the foundation. The stability of the red mud foundation becomes the decisive factor for the safety of the whole red mud storage yard. To ensure the safety of the red mud dam, ground treatment is needed.
According to the strengthening mechanism of composite foundations with mixing piles (Verma et al., 2017; Hu et al., 2018b), geopolymers are formed by fly ash and red mud for mixing single piles as well as composite foundations (Meng et al., 2020; Cui et al., 2021; Yuan B et al., 2021). Using multistage load tests, the bearing characteristics of single piles (SPs) and composite single piles (CPs) in the red mud foundation were analyzed. The pile length was 10 m, and the pile diameter was 0.5 m. Through the pre-installed stress gauges and vertical earth pressure gauges, the stress transfer law of the mixing pile and the soil-pile stress relationship were monitored in the loading process.
The mechanical behavior and load transfer mechanism of a single pile can be analyzed by single pile static load test. A row of steel rebar stress gauges is arranged in the center of the pile section. The layout scheme of the stress gauges is shown in Figure 1, where the test single piles were denoted as TSP1, TSP2 and TSP3. The stress gauges were numbered according to the test pile No. and the buried depth. For example, stress gauges setup in TSP1 were numbered with depth as TSP1-SG0, TSP1-SG2, TSP1-SG4, TSP1-SG6, and TSP1-SG8, where TSP1 means the test pile No., SG means the stress gauge, and the last digit means the buried depth of the stress gauge. The vertical load is imposed to the pile top. In the single pile test, the area of the applied load is equal to the area of the pile top. The stress gauge is tested once for each loading stage until the pile is damaged (or the maximum load that can be applied is reached). The axial force of the pile can be obtained by processing the data collected from stress gauges during the static load test. The axial stress of the pile and the soil stress are proportional functions with the same change trend. The distribution of the pile axial force can be obtained by analyzing the change trend of the stress meter force, and the distribution law of the side friction resistance of the soil layer around the pile can be obtained.
[image: Figure 1]FIGURE 1 | Schematic diagram of the arrangement of stress gauges and earth pressure gauges.
Through the static load test of composite single piles, the soil between piles and the vertical stress of the pile body in the loading process of a single pile composite ground is discussed, and the ratio of pile-soil stress in the red mud composite ground is analyzed. To allow the pile and surrounding soil work together, a sand cushion with a thickness of 30 cm was laid on the pile top and surrounding soil surface. In the static load test for composite single pile, the load was applied through a circular steel plate, of 20 mm thick with a diameter of 0.8 m (0.5 m2 in area), on the cushion. Stress gauges were installed in the pile center similar to the single pile test, as shown in Figure 1. The test composite single piles were denoted as TCP1, TCP2 and TCP3. Besides, earth pressure gauges (EGs) were setup on the pile top, along the pile-soil interface and in the soil between piles, whose distance from the pile center were 0, 0.4 and 0.8 m, respectively. Earth pressure gauges were numbered according to the buried depth and distance from pile center. In general, the layout of the stress gauges and earth pressure gauges are illustrated in Figure 1.
2) Pile strength analysis
Figure 2 shows the settlement processes of SPs and CPs obtained from the static load test. It should be noted that the unit of the applied load to CPs in Figure 2B has been transformed from kN into kPa according to the loading plate area (0.5 m2), for the sake of comparing and analyzing of the foundation bearing capacity before and after treatment. Furthermore, due to the lack of jack stroke, the maximum loading value (Pu) of TCP1 was 600 kPa, which did not reach the ultimate load. Meanwhile, the vertical ultimate bearing capacity (Qu) of the red mud geopolymer mixing single pile (i.e., SP) in red mud ground is approximately 300 kN, while it is approximately 780 kPa for the composite foundation (i.e., CPs). According to the characteristic value of the bearing capacity of a single pile, Ra (Ra = Qu/K = 300/2 kN = 150 kN, K denotes the assurance coefficient), the back-calculated required compressive strength of the pile material, fcu (fcu ≥ ηRa/Ap, Ap denotes the cross-sectional area of pile and η = 4) should be more than 3 MPa, which is consistent with the results obtained by laboratory tests (Table 2). In addition, the bearing capacity of the composite foundation is significantly enhanced compared with that of the red mud ground before treatment. The bearing capacity of the red mud ground before treatment is only 60∼100 kPa. By comparison, the bearing capacity of the red mud ground after the geopolymer mixing pile treatment is increased by more than 4 times. In summary, the mixing piles that made of geopolymers formed by fly ash and red mud can satisfy the bearing capacity requirements, and the composite foundation reinforcement effect is significant.
3) Reinforcement effect
[image: Figure 2]FIGURE 2 | Loading-settlement curves of (A) SPs and (B) CPs under static load test.
Standard penetration tests (SPT) were carried out on red mud ground before and after the pile installation. Besides, the strength of mixing piles was also tested by executing SPT on samples drilling from the pile body. The results indicate that before the mixing pile installation, the average SPT N-value of the unmodified red mud was 3. After curing treatment, the average SPT N-value of the red mud between piles reached 7, while the average SPT N-value of the mixing pile drilling core could reach 15. According to the comparison of the above tests, the strength of the unaltered red mud was very low, and the bearing capacity was very small. The strength of the red mud after solidification treatment was improved. Meanwhile, the strength of the red mud geopolymer pile has been improved more obviously than that of the unaltered red mud. Therefore, the formation of geopolymers composed of fly ash and red mud significantly improves the strength of red mud and has a good reinforcement effect. The bearing capacity and the overall stability of the red mud dam are better improved.
A comparative analysis of the red mud between piles before/after the treatment was accomplished by laboratory tests. The results show that the mechanical characteristics of the red mud between piles after the reinforcement have obvious changes compared with the original state of red mud. After reinforcement of red mud with fly ash, the red mud consolidation degree increased significantly, the moisture content decreased (12–18%), the porosity ratio increased (12–20%), the density increased (4–7%), the mechanical properties also obviously increased, the compression coefficient decreased significantly (approximately 27–32%), and the compression modulus increased (approximately 30–36%). The cohesion is obviously increased (increased by more than three times), the friction angle is slightly reduced, and the compressive strength is generally increased.
The red mud raw material and the red mud between piles after reinforcement were tested by cone penetration tests (CPT). The comparative results show that the side friction and cone tip resistance of original red mud are relatively low. After reinforcement, the side friction and cone tip resistance of red mud between piles obviously increases, and the average cone tip resistance increases from 0.665 to 1.55 MPa, with a growth up to 133%, and the average pile side friction rose from 15.15 to 29.43 kPa, up to 92.3%. It is demonstrated that the strength of red mud ground can be greatly improved with geopolymer mixing piles.
From the above test results obtained before and after the geopolymer mixing pile construction, one can see that the physical and mechanical properties of the red mud between piles are obviously improved, the strength and bearing capacity of the red mud foundation are greatly enhanced. This verifies the applicability and effectiveness of the proposed ground treatment method.
THE BEARING CAPACITY OF RED MUD GEOPOLYMER COMPOSITE FOUNDATIONS
Properties of Settlement
As the load is relatively small, the deformation of a single pile is not different from that of a single pile composite foundation, and the settlement curve is relatively close. At this time, the load is primarily undertaken by the pile. As the applied load gradually increases, the settlement of the single pile composite foundation is lower than that of the single pile test under the same loading. At this moment, the pile side resistance had basically played a full role and more load will be undertaken by the soil layer between piles. The pressure-settlement relationship (i.e., p−s curve) of the single pile composite foundation slowly continued to develop until the final limit load is reached. At the same time, as the ultimate load is reached, the deformation curve of the single pile composite foundation is gentler owing to the effect of soil between piles.
Axial Force for the Single Pile
Figure 3 shows the variation process of stress in the pile body during the loading process of TSP2. The results show that the stress at different depths increases with the applied load, and its growth rate also has a trend of increasing gradually. The stress in the pile body will not continue to increase when the load increases to a certain value, presenting a stable stress state. As the load gradually decreases, the stress decreases correspondingly, and the decreasing rate is relatively stable and less than the loading rate.
[image: Figure 3]FIGURE 3 | Stress variation in the steel rebar of TSP2 under static load test.
In fact, the pile settlement will gradually increase with the applied load, and the pile axial force will gradually change from the elastic state to the elastoplastic state. With increasing applied load, the pile deformation is only plastic deformation, and the growth rate of the pile axial force shows an increasing trend. In the process of unloading, the pile has certain recovery deformation, which will produce a certain upward displacement. After the load is completely removable, there will be some residual stress in the pile in a short time.
For the single pile load test, Figure 4 shows the variation properties of stress in a single pile along the pile depth during the loading process. Specifically, the pile axial stress is mainly concentrated in the upper part of the pile body (approximately 0–4 m). In addition, the axial force of the pile top is the largest. With increasing pile depth, the pile axial stress decreases rapidly, and the greater the load is, the more obvious the decreasing trend is. The test results clearly show that the bearing capacity of a single pile with a length less than 8 m is relatively small. Moreover, the axial force of the pile under 8 m is very small in the red mud ground.
[image: Figure 4]FIGURE 4 | Stress variation of TSP2 with depth under different loading stages.
Stress of Composite Pile Ground
For mixing piles in composite foundation, Figure 5 shows that the stress in the pile body changes with the applied load. The higher the applied load is, the greater the stress in the pile is. This is consistent with the variation rule in the load test of single pile. However, due to the load sharing effect of soil between piles, its growth rate is less than that of a single pile. At this time, the pile and the soil around the pile produce a certain compression deformation, and the combined action produces the ability to bear an external load.
[image: Figure 5]FIGURE 5 | Stress variation in the steel rebar of TCP2 under static load test.
Figure 6 shows the variation properties of stress in the pile body with depth during the load test of the composite foundation. The pile stress gradually decreases with increasing depth. This is similar to the variation trend of pile stress in the load test of a single pile. This effect is more obvious with increasing load. When the depth is below 8 m, the stress in the pile is not large. That is, the effective length of the pile in the red mud composite foundation with a mixing pile is approximately 8 m. It can be inferred that when the applied load achieves the pile failure load, the increase in the axial force of the pile below 8 m is also very limited. For the mixed pile composite foundation in this red mud ground, it is suggested that the pile length should not exceed 10 m.
[image: Figure 6]FIGURE 6 | Stress variation of TCP2 with depth under different loading stages.
Soil Stress Distribution Between Piles
Figure 7 indicates the variation process of the vertical stress at the pile top and the pile side (0.4 m away from the pile center) and soil between piles (0.8 m away from the pile center) in the loading process. The higher the applied external load is, the greater the stress at the pile top and at different depths of the pile side and soil between piles. In the process of unloading, the stress at the pile top diminishes with decreasing applied external load, while the stress in the pile side and soil among the piles remains almost unchanged. In the process of loading, the soil settles and incurs unrecoverable compression deformation. Therefore, the soil stress at the settlement site below the pile top will remain almost unchanged.
[image: Figure 7]FIGURE 7 | Variation curves of vertical stress in loading-unloading process of TCP1 at (A) pile top; (B) pile side soil; (C) soil between piles.
By comparing the soil stress of the same depth at the pile side with that among the piles, it can be seen that the vertical stress of the soil between piles slightly increases with the increase of the distance from the pile center in the lower soil.
Due to the existence of the pile body, the soil deformation can be restrained to a certain extent and can bear more external load. In addition, on account of the downward diffusion of vertical stress, the deformation and stress of the soil between piles are slightly larger than those of the soil beside piles. However, this trend will gradually weaken with the increase of depth, and the final stresses in soil beside pile and between piles are basically the same.
Under the same applied load, the vertical stress of the pile top is much higher than that of the pile side soil. Take TCP1 as an example, under the maximum load of 300 kN, the vertical stress at pile top (TCP1-EG10) is 711.2 kPa, while that at pile side soil (TCP1-EG20) is 34.2 kPa, the stress ratio of pile top to pile side soil is up to 20.8%. This shows that the pile in the red mud composite foundation undergoes the main load, and the contribution of the pile to the bearing capacity is very significant. Under the action of an applied external load (Figure 8), the vertical stress of the soil layer around the pile decreases rapidly with increasing pile depth. The soil stress at zero depth is much larger than that at depths of 2, 4 and 6 m below the top surface. In the red mud composite foundation, the soil stress is generally limited to a depth of 2 m under the ground surface. In the depth range of 2 m below the surface, the soil will produce a large settlement deformation, resulting in differential settlement between the surrounding soil layer and the pile. At this time, the soil on the side of the pile will provide downward friction resistance to the pile, namely, negative friction resistance.
[image: Figure 8]FIGURE 8 | Vertical stress distribution of TCP1 pile side soil along the depth.
Bearing Capacity of Red Mud Composite Foundation
With increasing applied external load, the bearing capacity provided by the red mud geopolymer mixing pile body and red mud between piles is gradually exerted, and the stress is gradually transferred to the deep soil layer. In the depth range of 2 m below the ground surface, the soil between piles may have negative friction resistance. However, when the surface depth is below 2 m, the soil stress at the pile side is very small due to the external load. In this case, the formation of the side friction resistance of the red mud foundation soil at the pile side mainly depends on its gravity stress. The effective pile length of the red mud geopolymer mixing pile in the red mud composite foundation is approximately 8 m. Hence, the pile stress is mainly contributed by the pile side friction resistance.
In addition, the red mud geopolymer composite foundation significantly improves the bearing capacity. As the pile bears the majority of the load and is restrained by red mud, the soil stress between piles increases. This further enhances the effective stress of the ground and the shear strength of the soil layer between piles and pile side friction.
Generally speaking, the bearing characteristics of the composite foundation with mixing piles on the red mud ground are basically consistent with those on the conventional saturated soft clay ground. On the other hand, the geopolymer formed by fly ash and red mud as the pile material has similar properties to the traditional cement soil pile material, which provides support for its engineering applicability.
CONCLUSION
The unconfined compressive strength of the geopolymer derived from red mud and fly ash mixed with NaOH alkali solution as the activating agent under normal temperature curing conditions can reach 2–3 MPa, and its long-term strength is relatively high. Hence, it can be used as pile material in composite foundations. In addition, it is determined that the bearing capacity of red mud geopolymer mixing single pile in a red mud ground is approximately 300 kN, while the bearing capacity of single pile composite foundation is 430 kPa, and the pile strength meets the requirements.
For red mud geopolymer composite foundations, the pile top stress and the soil stress at pile side and between piles at different depths grow with the increase of external load. The vertical stress of the piles is much greater than that of the surrounding soil. The vertical stress in the soil layer around the pile decreases rapidly with depth, and the soil stress is generally limited to 2 m below the ground surface. The bearing capacity of geopolymer composite foundation can be mainly attributed to the pile-soil interaction.
In red mud composite foundations, the bearing capacity is mainly provided by the pile side fictional resistance, while the contribution of the pile tip resistance can be ignored. Consequently, the calculation of pile side resistance should be emphasized in design. In the red mud ground, the effective length of the red mud geopolymer mixing pile in composite foundation is approximately 8 m, and the bearing capacity would increase very little when the pile length exceeds this. A better understanding of the mechanical characteristics of this kind of composite foundation in red mud ground is of great importance for the optimization design and maximum utilization of pile bearing properties.
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Coal burst has become a worldwide problem that needs to be solved urgently for the sake of coal mine safety production due to its complicated triggering mechanisms and numerous influencing factors. The risk assessment of coal burst disasters is particularly critical. In this work, 15 factors affecting coal burst occurrence are selected from the perspectives of geodynamic environment and geological and mining conditions, and the influence mechanism of each factor on coal bursts is analyzed. An evaluation index system of coal burst risk is put forward. A hierarchical model of coal burst prediction is established, and the weight of each influencing factor to coal burst risk is calculated. Based on the fuzzy comprehensive evaluation method, a coal burst prediction model is established, which can scientifically decompose and simplify the complicated problem and make coal burst prediction and prevention more pertinent and effective. The model is applied to assess the coal burst risk level of a coal mine in Shanxi Province, and the evaluation result is consistent with practical situations. This method considers the influencing factors comprehensively and determines the weight of each factor scientifically compared with other forecasting methods.
Keywords: coal burst prediction, analytic hierarchy process, fuzzy comprehensive evaluation, geodynamic environment, coal burst
INTRODUCTION
Coal burst is a complex nonlinear dynamic phenomenon and a geological disaster induced by such artificial activities as coal mining (Cai et al., 2016; Zhang et al., 2017). Since the first record of coal burst occurred at the South Staffordshire coalfield in Britain in 1738, coal bursts have occurred in almost all coal mining countries in the world. With the increase of mining depth in China, the number of coal mines subjected to coal burst accidents is growing year by year, and the coal burst hazard gradually becomes more serious. Therefore, it is of great significance to understand the prediction and prevention of coal burst disasters.
Characterized by complex triggering laws and numerous influencing factors, coal burst has become an acute and complicated problem in the monitoring and control of dynamic disasters and needs to be handled throughout the world for coal mine safety (Wei et al., 2018). Risk assessment, monitoring and warning, control measures, and safety protection concerning coal bursts constitute a “quaternity” theory and technique system of coal burst prevention. As the first task in the system, coal burst prediction is particularly critical. Pan, Xu, et al. (2014) used a coal charge monitoring system to detect the charge radiation signals in the coal rock ahead of the working face and analyzed the characteristics and change rules of the charge radiation of dynamic disasters in deep coal mines. Jiang et al. (2017) studied the triggering mechanism of coal burst in the Yuncheng coal mine based on the three-zone structure model and microseismic monitoring data. They concluded that high self-weight stress and movement of thick and hard overburden were the main causes of the coal burst incident in the Yuncheng coal mine and pointed out that adopting large pressure-relief boreholes and reducing mining speed are effective methods to preventing the coal burst with similar conditions. After analyzing the correlation between concentrated static load and coal burst, Pan, Wang, et al. (2014) developed a pre-evaluation model for burst risk assessment based on concentrated static load detection. Considering the incompatibility and uncertainty of coal burst-evaluating indices, Zhizhen et al. (2011) established a prediction model for estimating coal burst risk based on set pair analysis. According to the dynamic changes of coal masses and surrounding rocks during coal mining, Wang et al. (2014) constructed a space breeding model of stopes by regarding the coal seam and its roof and floor as a whole system. Xu et al. (2014) built a mechanical model of the drill pipe in the process of drilling and obtained the relations among drill pipe torque, coal stress, coal properties, and drilling speed. By inspecting the variation of the drill pipe torque, they obtained the distribution and change rules of the stress field at the borehole, thus achieving the purpose of predicting a coal burst. Gu et al. (2013) explored the relation between surrounding rock stress and drilling amount and predicted the coal burst risk in isolated working face by drilling bits. Cai et al. (2015), Zhu et al. (2016), and Chen et al. (2021) investigated the relationship between the tomographic images of P wave velocity and coal burst hazard and believed that coal burst hazard could be detected by passive seismic velocity tomography during longwall face mining and entry excavation. Li et al. (2015), He et al. (2017), and Wang et al. (2020) proposed a static and dynamic stresses superposition-based risk evaluation method of coal burst to pre-evaluate coal burst risk. Ahmed et al. (2017) proposed the Burst Potential Index (BPI) to estimate pillar burst tendency based on the energy storage rate (ESR). Shen et al. (2017) stated that the energy density risk index (EDRI) could more accurately reflect the potential coal burst distribution and be used in multi-seam mining. Cai et al. (2019) proposed a new index named “bursting strain energy (BSE)” to quantitatively assess coal burst propensity. Mottahedi and Ataei (2019) used the fuzzy theory and fault tree analysis in the investigation of coal burst probability. Sabapathy et al. (2019) utilized Burst Energy Coefficient methodology to evaluate the bump proneness of a mine through numerical modeling. Vardar et al. (2018) considered the weightings of the risk factors and put forward a semiquantitative coal burst risk classification system. At present, China mainly adopts the composite index method to forecast coal bursts; the drawback of the composite index method is that all weights are the same. Although a great deal of research has been made on the prediction of coal burst disasters in the global scientific community, the aforementioned methods inevitably have certain limitations because of complicated triggering laws/many influencing factors and unclear occurrence processes and it is still impossible to perfectly predict coal burst events. Therefore, it is necessary to comprehensively investigate the causing factors of coal bursts, analyze the influence degree of each factor on coal burst occurrence by means of suitable and objective approaches, and evaluate the risk levels of coal bursts based on the weights of influencing factors.
According to geodynamic environment, geological, and mining factors influencing coal bursts, a total of 15 sub-factors are determined in this paper. Based on the analysis of the influencing factors of coal bursts, a prediction model of coal burst risk is established by combining analytic hierarchy process (AHP) and fuzzy comprehensive evaluation (FCE) and is verified in a coal mine. The prediction model overcomes the drawback of the composite index method that all weights are the same. The results show that the model meets the requirements of coal burst prediction.
ANALYSIS OF INFLUENCING FACTORS OF COAL BURSTS
Geodynamic Environment Factors
Geodynamic environment relates to the characteristics of crustal structure and movement and refers to the dynamic effects of tectonic form, tectonic movement, tectonic stress, and their combination mode on coal and rock masses under natural geological conditions (Zhu et al., 2018). Coal bursts are the result of the coupling effect of mining disturbance and crustal movement induced by the endogenic geological process. The overall intensity of a coal burst or the total released energy in a mine or a mining area depends on the characteristics of the geodynamic environment (Han et al., 2014).
Tectonic Depression
Analysis of the topography of the mining areas where dynamic disasters have occurred, such as Huainan, Hebi, Fuxin, Beipiao, Jixi, and other mining districts in China and Tashtagol, Donetsk, and Vorkuta in Russia, shows that despite different elevations, the mining areas are all located in the lower part of the terrain and it is obviously higher at the periphery of these areas. This topography is manifested as a tectonic depression (Han et al., 2011; Han et al., 2014). The two sides of the tectonic depression are bound to move downward for reaching a stable state. In a tectonic depression (Figure 1), as for a point at the depth of H to the surface, the gravitational gliding force points to the center of the depression. The ultimate effect of gravitational gliding is to increase the compressive stress in the depression center and improve the compression ability. Hence, there is high tectonic stress in the tectonic depression and relatively high deformation energy is accumulated in coal and rock masses under this condition. Through the surface topography map of the coal field, the structural depression can be determined by analyzing the overall surface morphology of the coal field.
[image: Figure 1]FIGURE 1 | Horizontal stress effect of depression topography.
One of the remarkable characteristics of tectonic depressions is that the elevation of the center is lower and the surrounding or both sides are higher. The dip angle is used to assess the geodynamic environment of a tectonic depression by the following equation:
[image: image]
where [image: image] is the dip angle of the tectonic depression; [image: image] is the D-value between the highest and lowest elevations of the tectonic depression, [km]; and [image: image] is the distance between the center and the boundary of the tectonic depression, [km]. The scale of the study is the range of the coal field. Generally, a smaller dip angle implies less risk of coal burst occurrence in the tectonic depression.
In-situ Stress Field
The energy accumulation of coal and rock masses is the outcome of the combined effect of stress and deformation (Bai et al., 2018). Therefore, stress condition is one of the important indices to judge the occurrence of a coal burst. Tectonic stress usually refers to the crustal stress produced by tectonic movement, and it is mainly horizontal. The ratio of the maximum horizontal principal stress to the vertical stress, i.e., the lateral pressure ratio (λ), suggests the level of tectonic stress. According to the magnitude of λ, tectonic stress can be classified into four levels, namely, λ < 1, 1 ≤ λ < 1.3, 1.3 ≤ λ < 2, and λ > 2. Based on the buried depth and tectonic stress levels, data analysis is carried out on 67 coal burst coal mines at which coal burst accidents have occurred and 63 coal mines have no coal burst occurrence in China (Table 1). With the increase in mining depth (less than 400 m), coal bursts have taken place in the mines with a lateral pressure ratio greater than or equal to 1.3 (λ ≥ 1.3). When the mining depth is increased to 400–600 m and the lateral pressure ratio is less than unit (λ < 1), coal bursts begin to appear in mines. On the whole, at the same mining depth, the greater the lateral pressure ratio is, the higher the proportion of coal bursts is. Thereby, without considering the buried depth, the probability of coal burst occurrence is positively correlated with the lateral pressure ratio. The relationship between the lateral pressure ratio and the risk of coal burst occurrence is shown in Table 2.
TABLE 1 | Distribution of coal bursts under different lateral pressure ratios.
[image: Table 1]TABLE 2 | Coal burst risk under different magnitudes of λ
[image: Table 2]Vertical Movement of Fault Blocks
The characteristics of crustal movement in China are that the south is mainly uplifted while the north is dominated by subsiding and that vertical movement of the earth’s crust is strong in the west and weak in the east. In the present study, 160 coal burst mines in China are mapped in the velocity diagram of vertical crustal movement of the Chinese continent, and the surface vertical deformation velocity of each coal burst mine is statistically analyzed. From the statistical data, it is noted that most coal burst mines are distributed in the uplifted zones of the earth’s crust or the regions between the ascending and subsiding areas where relative movement is violent. Only a few mines are located in the descending areas. It also shows that among the 160 coal burst mines searchable in China, there are 101 coal burst mines in the areas with severe relative movement; that is, the movement velocity is between −1 and 1 (−1 <x < 1), accounting for 63.13% of the total cases. 43 coal burst mines are located in the uplifted areas (x ≥ 1), accounting for 26.87% of the statistics. 16 coal burst mines are situated in the descending areas where the crustal movement velocity is less than −3 (i.e., x < −3), accounting for 10% of the statistical data. Thereby, according to the relation between coal burst mines and vertical crustal movement, the coal burst risk level under different velocities of vertical crustal movement can be determined, as listed in Table 3. Using the refined leveling network of repeated measurements within the Chinese mainland, the pseudo-inverse dynamic adjustment was calculated, and the modern vertical crustal deformation rate map of the Chinese mainland was compiled.
TABLE 3 | Relation between coal burst risk and vertical crustal deformation velocity.
[image: Table 3]Tectonic Faulting
In view of active faults in China, more than 85% of the coal burst mines are connected with active faults. The active faults and their characteristics in some coal burst mines are shown in Table 4. Normally, there are large active faults in the vicinity of coal burst mines, most of which stay in the zone of influence of these faults. This indicates that the mine within the influence zone of active faults has the probability of coal burst occurrence.
TABLE 4 | Active faults and their characteristics in some coal burst mining districts.
[image: Table 4]Based on the research of the influence width of faults by Russian scholars, an empirical formula is revised as
[image: image]
where b is the influence width of a fault. K is the activity coefficient (K = 1, 2, 3). K = 1, K = 2, and K = 3 represent strong, moderate, and weak faulting activity, respectively. h is the vertical drop of the fault, [m]. According to the “Code for investigation of geotechnical engineering,” faults that were active in the Middle and Late Pleistocene and are still vigorous in the Holocene and have an average active velocity larger than 1 mm/a (v > 1 mm/a) and a historical earthquake magnitude equal to or larger than 7 (M ≥ 7) are regarded as strongly active faults. Active since the Mid-Late Pleistocene and relatively strong in the Holocene, 0.1 mm/a ≤v ≤ 1 mm/a and 5 ≤ M < 7, faults of this kind are considered as moderately active faults. If v < 0.1 mm/a and M < 5, these faults are deemed as weakly active faults. The average active velocity can be measured by GPS. Judging the fault structure in the field mainly depends on whether the leakage part of the rock layer on the surface is continuous, repeated, or missing, whether there are scratches, and local bending.
Geological Factors
Mining Depth
With the increasing depth of coal mining, the geostatic stress in the coal seam rises, the elastic energy in coal and rock masses is also accumulating, and the possibility of coal burst becomes larger as well (Zhao et al., 2018). That is, mining depth is positively correlated with the probability of coal burst occurrence (Figure 2). When the mining depth is equal to or smaller than 350 m (H ≤ 350 m), coal burst proneness is low. If 350 m ≤ H ≤ 500 m, the coal burst risk gradually increases. Starting from 500 m, the risk of coal burst occurrence increases sharply as mining depth enlarges. When the mining depth reaches 600 and 900 m, the impact index increases to 0.12 (Wt = 0.12) and 0.65 (Wt = 0.65), respectively, which is 3 times and 16 times the impact index at the depth of 500 m (Wt = 0.04).
[image: Figure 2]FIGURE 2 | Relationship between mining depth and impact index.
Coal Seam Thickness and Change Characteristics
Statistical analysis has shown that a thicker coal seam leads to more coal bursts and higher coal burst intensity. The change in coal seam thickness has a significant influence on the occurrence of coal burst events. At the positions where the coal seam suddenly becomes thinner or thicker, coal bursts easily occur, because the bearing stress in these places will change. The variation coefficient of coal seam thickness is an important index to measure the stability of a coal seam. It can directly reflect the thickness and change the characteristics of the coal seam. Thus, this index is employed to evaluate the influence degree of coal seam thickness on coal bursts. A larger variation coefficient of coal seam thickness implies that the coal seam is more unstable and the coal burst risk is much higher.
The variation coefficient of coal seam thickness is calculated by the following equation:
[image: image]
where n is the total number of coal points participating in the evaluation. xi is the measured coal seam thickness at each coal point, [m]. [image: image] is the average coal seam thickness, [m].
Fault
The influence of faults on coal bursts is associated with the enormous energy released by the sudden relative dislocation of faults caused by mining activities. Practice has proved that when a working face is approaching a fault, the number of coal burst incidents has an obvious increase as well as the violence of coal burst (Chen et al., 2018). As shown in Figure 3, with the advance of the working face or the cutting machine, the influence zone of front abutment pressure extends forward. When it reaches the affected area of the fault, the tectonic stress of the fault and the front abutment pressure of the working face are superimposed, leading to an increase in abutment pressure near the fault and producing a newly highly stressed area. The middle position between the fault and the working face is the area with maximal stress superposition. If the fault itself can accumulate energy, the peak stress area after superposition is also prone to accumulate enormous energy that can easily induce a coal burst (Wei et al., 2021).
[image: Figure 3]FIGURE 3 | Superposition of front abutment pressure and fault tectonic stress during advancing a working face. (A) Normal fault, (B) reverse fault.
According to general experience, fault drop is a major influencing factor inducing a coal burst at the excavation face. Its corresponding stress concentration coefficient and influence zone are given in Table 5.
TABLE 5 | Relationship among fault drop, stress concentration coefficient, and influence zone.
[image: Table 5]Coal Burst Tendency
Coal burst tendency is an inherent attribute of coal masses. It determines whether coal burst occurs and the specific risk degree under the same geological, mining, and other conditions. The impact tendency can be interpreted by the uniaxial compressive strength of coal. If the coal has a higher uniaxial compressive strength and a better integrity, more elastic energy is stored in the coal seam and coal bursts are more likely to happen under certain conditions (Bai and Shi 2017; Bai et al., 2020; Bai et al., 2019; Bai et al., 2021).
Structural Characteristics of Roof Strata
Studies have shown that the rock structure of the roof, especially hard and thick roof above the coal seam, is one of the main factors affecting the occurrence of coal bursts. The major reason is that hard and thick sandstone roof tends to accumulate a large amount of elastic energy. In the process of roof breaking or sliding, massive elastic energy is suddenly released, causing a strong vibration, leading to roof coal burst of impact pressure type or roof coal burst of impact type.
Elastic bending energy during the initial collapse of the roof is formulated as
[image: image]
Where q is the uniform load on the upper part of the hard roof, L is the initial breaking step of the hard roof, E is the elastic modulus of the hard roof, and I is the moment of inertia of the fracture section of the hard roof.
Elastic bending energy during the entire period of roof collapse is expressed as
[image: image]
From the above two equations, it can be seen that the elastic bending energy of the roof is proportionate to the fifth power of the roof span; that is, the larger the roof span (overhanging length) is, the more energy is accumulated. Generally, thicker hard rock is less likely to collapse and the resulted roof span is also larger. Hence, coal bursts can be easily triggered in thick and hard roof.
Factors of Mining Techniques
Collapse Degree of Overlying Strata
Coal burst occurrence is closely related to the collapse of overlying strata and the surface subsidence after excavation. If the thick and hard roof above the goaf has good continuity and integrity and fails to collapse in time, a large area of overhanging roof will be generated (Wu et al., 2021). When the thick and hard roof is disturbed by multiple adjacent working faces, it suddenly loses stability, which will produce a great amount of energy and trigger a coal burst. In view of this, the occurrence of a coal burst can be judged by whether the overburden collapses sufficiently.
The degree of overburden collapse can be evaluated by observing the breakage of the principle key stratum (Cheng et., 2018; Yang and Luo 2021) or geophysical detection methods. The degree of overburden collapse can also be judged based on the subsidence of the ground surface. Sufficient subsidence of the ground surface also indicates that the overlying strata have collapsed sufficiently.
Protective Seam Mining
After the protective seam is disturbed, cracks will inevitably develop in the surrounding rocks, which will make the surrounding rocks move toward the mining space. As a result, the rock strata above and below the goaf release stress, forming a “pressure relief zone” and causing damage in the nearby rock strata (Bai 2006; Bai and Li 2013; Bai et al., 2014). Rock breakage and movement are very violent at first, especially near the protective seam, and then decrease with the distance from the protective seam.
According to the national standard “Methods for test, monitoring and prevention of coal burst—Part 12: Prevention methods of protective seam mining,” when the evaluation area is in the effective zone and period of pressure relief, the pressure relief degree of the protective seam is prescribed as “good”; when the protective seam is in the effective zone of pressure relief but beyond the effective time, the pressure relief degree is considered as “medium”; if it is not in the effective zone of the protective seam, the degree of pressure relief is referred as “general”; if coal pillars are left unmined when the protective seam is mining and the plane projection of the coal pillar is in the evaluation area, the pressure relief degree of the protective seam is deemed as “poor.”
Vertical Distance Between Coal Seam and Upper Coal Pillar
With regard to mining multiple coal seams, priority should be given to the upper protective seam so that the lower coal seams are under-protected. However, in the actual mining process, some coal pillars are reserved in the overlying coal seam because of faults, changes in coal seam thickness, mining layout, and more. When mining the remaining coal seams, those reserved pillars often have a high degree of stress concentration due to the influence of mined-out space. The existence of overlying coal pillars increases the risk of coal burst occurrence at the working face. Meanwhile, coal burst risk increases with decreasing vertical distance from the coal pillar.
Width of Reserved Coal Pillar
Coal pillar reservation is a preferred method adopted in Chinese coal mines for protecting the developing roadways. It is an important factor affecting coal burst risk. In the past 22 years, about 60% of the coal bursts were induced by coal pillars, resulting in severe damage to roadways and numerous casualties. Reasonable pillar width plays a critical role in coal burst prevention. In consideration of coal burst prevention and control, the elastic zone in the coal pillar should be minimized on the premise of bearing the overburden load, so that the coal pillar is in the plastic zone to the greatest extent. This means that there is no elastic core inside the coal pillar and a large amount of elastic energy will not be stored. In this regard, small coal pillars are beneficial to the prevention and control of coal burst dangers. However, if the width of the coal pillar is too small, the pillar is easily fractured and collapsed under the overburden load and cannot exert the function of protecting the roadway. On the other hand, coal pillars with a width larger than 50 m will cause a huge loss of coal resources. As the width of coal pillars increases, the maximum vertical stress in the coal pillar increases firstly and then decreases again. In other words, when the width of the coal pillar is less than 10 m, the maximum vertical stress in the coal pillar is small. As the width of the coal pillar is 10–15 m, the maximum vertical stress in the coal pillar is relatively larger. With continuous increase in the pillar width, the maximum vertical stress in the coal pillar declines again.
Conditions of Adjacent Goafs
Due to the differences in mining methods, fault structures, and other factors, there are various forms of island working face during coal mining, such as one sidewall mined out, two sidewalls mined out, three sidewalls mined out, and four sidewalls mined out (Li et al., 2015; He et al., 2017; Wang et al., 2020). The working face is impacted by the movement of the roof but also by the instability and failure of the overlying rocks above the sidewalls and the roof of the adjacent goafs. As the working face is progressing, the surrounding rocks and the roof strata of the working face will move together and influence each other. Stress is highly concentrated in the surrounding rocks that are strongly disturbed by mining operations. In this way, the overburden movement is violent and coal burst disasters are easy to occur.
Thickness of Retaining Bottom Coal
When a coal burst takes place, it is usually accompanied by serious floor heave, and the reservation of thick bottom coal often encourages the occurrence of a coal burst. The roof and sidewalls are commonly supported whereas the floor is not supported, leading to the floor being the weakest area in the roadway. When the impact load acts upon the surrounding rocks, the energy will be released from the weakest area. This process is inevitably accompanied by slow floor heave or impacts damage to the floor.
Figure 4 shows the stress conditions of the roadway floor. The influence of rock properties on coal burst mainly depends on the strength and load of the floor. If the rock has high strength and large bearing capacity, it has obvious resistance to the impact load. However, if the retaining bottom coal is relatively thick, the coal body is inevitably being the main bearing body and more prone to fail under the impact load. Especially, the bottom coal with impact tendency has the characteristics of accumulating elastic energy and causing impact damage. Coal burst risk grades of all influencing factors are shown in Table 6.
[image: Figure 4]FIGURE 4 | Ultimate equilibrium mechanical model of roadway floor (foundation).
TABLE 6 | Coal burst risk grades of all influencing factors.
[image: Table 6]COAL BURST PREDICTION MODEL BASED ON ANALYTIC HIERARCHY PROCESS AND FUZZY COMPREHENSIVE EVALUATION
Establish the Hierarchical Model
According to the influencing factors which affect the occurrence of coal bursts, the goal index of coal burst risk (U) is firstly divided into three categories, namely, geodynamic environment factors (U1), geological factors (U2), and mining factors (U3). Accordingly, the set of first-class indices is obtained, U=(U1, U2, U3). Geodynamic environment factors (U1) can be further classified into four second-class indices, including dip angle of the tectonic depression (u11), ratio of the tectonic stress to the vertical stress (u12), vertical movement velocity of fault blocks (u13), and influence zone of fault structure (u14). The corresponding second-class index set of U1 is achieved, U1=(u11, u12, u13, u14). As for the geological factors (U2), it can be further sorted into 5 second-class indices, i.e., mining depth (u21), variation coefficient of coal seam thickness (u22), fault drop (u23), uniaxial compressive strength of coal (u24), and distance between the coal seam and the thick-hard roof strata (u25). Then the second-class index set of U2 is expressed as U2=(u 21, u 22, u 23, u 24, u 25). Mining factors (U3) are further split into 6 second-class indices, that is, collapse degree of the overlying strata (u31), pressure relief degree of the protective seam (u32), distance between the mining seam and the upper coal pillars (u33), relation between the working face and the adjacent goafs (u34), coal pillar width (u35), and thickness of the retaining bottom coal (u36). Thereupon, the corresponding subclass index set of U3 is U3=(u31, u32, u33, u34, u35, u36). In this way, the coal burst risk index is separated into two grades and a three-layer index system of coal burst risk assessment is established (target layer, criterion layer, and index layer), as illustrated in Figure 5.
[image: Figure 5]FIGURE 5 | Hierarchical model of coal burst prediction.
Build the Evaluation Set
It is determined that the evaluation set (V) consists of four appraising grades, namely, no coal burst risk (v1), weak coal burst risk (v2), moderate coal burst risk (v3), and strong coal burst risk (v4), so V=(v1, v2, v3, v4).
It should be noted that b is the influence zone of active faults; thick-hard rock strata refer to the rock strata with a uniaxial compressive strength greater than 60 MPa and a thickness larger than 10 m.
Establish the Weight Set
Weight analysis is another important content in AHP, and the weight set is used to describe the importance degree of one factor relative to another in the factor set with respect to a target object. Weight analysis is conducted by three main steps. The first is to construct the judgment matrix. The second step is to decide the single hierarchical order and performing a consistency test. The last is to calculate the weight set.
Construct the Judgment Matrix
The judgment matrix reflects the priority relationship between each two factors in the same index set. It is usually achieved based on the comparative analysis of the importance of different factors at the same level to coal burst risk by using the expert survey method. The importance degree of each factor in the factor set is evaluated by the 1–9 scale method shown in Table 7 for pairwise comparisons, and the judgment matrix (A) is established as
[image: image]
where [image: image], [image: image], [image: image].uij implies the importance of factor i relative to factor j with respect to the upper-level index, [image: image] denotes the importance of factor j relative to factor i with respect to the effect on the occurrence of coal bursts, and n is the matrix rank.
TABLE 7 | Scale explanation of the judgment matrix.
[image: Table 7]A number of experts in the field of coal burst were invited to make comprehensive judgments based on the coal burst occurrence pattern, and the pairwise comparison matrixes were determined. The pairwise comparison matrix U indicating the importance of the criterion layer to the target layer is obtained as
[image: image]
The pairwise comparison matrixes for explaining the importance of the index layer to the criterion layer are U1, U2, and U3 given below.
[image: image]
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Decide the Single Hierarchical Order and Perform a Consistency Test
Calculate the weight of each factor to the target layer:
1) Normalize the column vectors of the judgment matrix by
[image: image]
2) [image: image] is summed by line according to the following expression:
[image: image]
3) Then, [image: image] is normalized by
[image: image]
where [image: image] is the approximate weight vector.
Calculate the largest eigenvalue of the matrix by the following equation:
[image: image]
The consistency index (CI) is formulated as
[image: image]
The larger value of CI indicates a higher inconsistency degree of the matrix. The random consistency index (RI) is determined by practical experience, as shown in Table 8. Then the consistency ratio of the matrix is obtained by
[image: image]
TABLE 8 | Randomness index.
[image: Table 8]When the consistency ratio is less than 0.1, the consistency of the pairwise matrix is acceptable and the eigenvector of the matrix can be used as the weight vector. However, if the CR exceeds 0.1, the evaluation matrix fails the consistency test and needs to be reconstructed.
The above method can be used to obtain the weight vector of each judgment matrix and the single hierarchical order, as well as the consistency index and the consistency ratio, as given in Table 9. It is shown in Table 9 that the consistency ratios of 4 judgment matrixes are all less than 0.1, which meets the requirement of consistency.
TABLE 9 | Largest eigenvalue and consistency ratio of the judgment matrixes.
[image: Table 9]Calculate the Weight Set
The relative importance of one layer to the upper layer is calculated from the top layer to the subclass layer. The weight vectors of individual factors with respect to coal burst risk can be used as the weight set of the FCE model.
After calculation, the weight set is W = [0.0430, 0.1598, 0.0232, 0.0859, 0.1891, 0.0328, 0.0805, 0.1114, 0.0766, 0.0160, 0.0270, 0.0270, 0.0455, 0.0719, 0.0103].
Establish the Membership Matrix
The membership matrix is used to reflect the degree of a single factor (index) that belongs to the subsets of the evaluation set, which is the basic evaluation result.
To evaluate the ith single factor ui in the factor set, the degree of the ith factor ui belonging to the jth subset vj in the evaluation set is defined as rij, and the membership set of the ith factor ui can be expressed as Ri =(ri1, ri2, ri3, ri4). The membership degrees of individual factors jointly constitute a 15 × 4 fuzzy relation matrix (R).
The membership degree can be determined by the membership function of each factor. The membership functions of the dip angle of the tectonic depression (u11), the ratio of the tectonic stress to the vertical stress (u14), the influence zone of the fault structure (u14), mining depth (u21), the variation coefficient of coal seam thickness (u22), fault drop (u23), the uniaxial compressive strength of coal (u24), the distance between the thick-hard rock strata and the coal seam (u25), the distance between the mining seam and upper coal pillars (u33), and the thickness of the retaining bottom coal (u36) present semi-trapezoidal and trapezoidal distributions based on the analysis of various factors, as shown in the following equations:
[image: image]
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The membership functions of vertical movement velocity of fault blocks (u13), collapse degree of the overlying strata (u31), pressure relief degree of the protective seam (u32), relation between the working face and adjacent goafs (u34), and coal pillar width (u35) show a rectangular distribution based on the analysis of each factor.
[image: image]
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In the previous equations, [image: image], [image: image], [image: image], and [image: image] are the membership functions of v1, v2, v3, and v4 in the evaluation set, respectively. x is the value of a single factor. [image: image], [image: image], and [image: image] represent the critical value of the appraising grade of each factor concerning coal burst occurrence.
Multi-Level Comprehensive Evaluation
After the weight set (W) and the fuzzy relation matrix (R) are determined, a synthetic operation is carried out and the FCE set (B) can be obtained,
[image: image]
where [image: image] is the fuzzy synthetic operator and [image: image] refers to the FCE index. After [image: image] is calculated, the maximum membership method is adopted to achieve the final evaluation result. For non-hazards, normal production can be performed. For weak hazards, the pressure manifestation and stress monitoring of mines are strengthened, and timely control measures are taken when the monitoring area is dangerous. For medium and strong hazards and measures such as drilling pressure relief, pre-cracking cutting roof can be taken according to the main control factors.
APPLICATION EXAMPLE
At the same time, the values of each factor are determined according to field test, geological data analysis, and related data of mine layout, as shown in Table 10.
TABLE 10 | Indices of coal burst evaluation in a mine in Shanxi Province.
[image: Table 10]The membership of each factor constitutes a 15 × 4 fuzzy matrix, which is calculated by the membership functions and developed as below:
[image: image]
After the weight set (W) and the fuzzy matrix (R) are determined, the synthesis operation is carried out and the FCE set ([image: image]) is obtained, that is, [image: image]. [image: image] is the fuzzy synthetic operator. [image: image] refers to the FCE index. After [image: image] is calculated, the maximum membership method is used to achieve the final evaluation result. By substituting the fuzzy relation matrix and the weight vectors into the FCE equation, [image: image], the evaluation vectors are obtained, namely, B = (0.31, 0.60, 0.44, 0.30). According to the maximum membership principle, the grade of coal burst risk in this mine is determined as “weak coal burst risk,” which is consistent with actual situations of coal burst occurrence.
CONCLUSION
Fifteen factors influencing coal bursts are selected from the perspectives of geodynamic environment, geological conditions, and mining conditions. The influence mechanism of each influencing factor on coal bursts is also analyzed. The influence of gas and groundwater can be considered as the deepening of future research. With the continuous in-depth study of rock burst mechanism, the prediction method can be further enriched.
The evaluation index system of coal bursts is put forward, a hierarchical model of coal burst prediction is established, and the weight of each influencing factor to coal burst occurrence is calculated. Based on the FCE method, a coal burst evaluation model is constructed, which can scientifically decompose and simplify the complicated problem and make the coal burst prediction and prevention more pertinent and effective. This method can be applied to the prediction of rock bursts of different scales. When predicting rock bursts in mining areas, mines, working faces, and roadways, the values of various indicators are selected in the corresponding area.
Compared with other forecasting methods, this method considers the influencing factors comprehensively and determines the weight of each factor scientifically. The model is then verified in a coal mine in Shanxi Province to predict the grade of coal burst risk in this mine, and the prediction result is consistent with practical situations.
This method can provide a reference for other dynamic disasters such as rock bursts and coal and gas outbursts. The common factors of mine dynamic disasters can be used in the prediction, the unique factors of rock bursts can be removed, and the influencing factors of other disasters can be integrated.
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In order to study the mechanism and control technique of deep roadways in faulted zones, the 11-2 transport roadway of Guqiao coal mine in Huainan was taken as a case. The research roadway encountered two faults named F97 and F98 and suffered a severe large deformation disaster (including floor heaving, side cracking, steel arch bending, and section shrinkage) after excavation. Then, laboratory tests, in situ stress measurement, and numerical simulation results indicate that the lower strength and easy to soften property of the surrounding rock is an immanent cause, while high geo-stress is an external inducement of large deformation. The continuous behaviors of opening, moving, and rotation of rock blocks under the above factors finally caused large deformation disaster. Finally, a control technique named stages and combination control method (SCCM) has been proposed. This technique contains two steps, namely, primary (including prestressed anchor bolt, shotcrete, and grouting) and secondary (including prestressed cable) support stages. Numerical calculation and in situ monitoring results indicate that the SCCM technique can stop the failure of surrounding rock and control the displacement of the surrounding rock effectively.
Keywords: large deformation, mechanism, control technique, deep roadway, faulted zone
INTRODUCTION
Coal will remain the mainstay of energy for a certain time in the future. Recently, more and more coal mines have a mining depth of over 1,000 m all over the world, including Russia, China, Japan, Australia, and so on. Especially in China, there are more than 50 coal mines with mining depth of 1,000 m or more (Kang, 2016). As mining depths increase, the roadways, as a basic component for coal mining, may encounter more challenges during excavation (Seo et al., 2016; Du et al., 2017). The increased ground stress, broken surrounding rock, mining disturbance, and geologic tectonism could cause a large deformation disaster of the roadway easily, which will threaten the safety of mining.
The mechanisms for roadway large deformation of surrounding rock are varied. One of the major factors is geo-stress, especially in soft surrounding rock, which may lead to large deformation during construction (Hoek and Guevara, 2009; Bao, 2014; Liu D. J et al., 2020). Besides, geologic structure, such as joints and angles between strata and direction of roadway, could also be the main factor of large deformations (He et al., 2013; Liu et al., 2019). Besides, Huang et al. (2020) indicated that the main process of large deformation of deep surrounding rock includes the structural movement, surrounding rock deterioration, cracks expansion induced by gradient stress and partial stress, and structural rheology of soft rock. Deng et al. (2021) conducted a simulation analysis on the process of surrounding rock fracture expansion by adjusting its normal contact stiffness using the finite–discrete element coupling method (FDEM). Numerical results indicated that the propagation and connection of fracture networks are the basic elements of large deformation during roadway excavation.
In addition, unreasonable choice of control technique or support frames also affects the occurrence of large deformation in roadways. Many support techniques have been proposed in recently years, such as bolts (Kang et al., 2014; Guo et al., 2015; Zhao et al., 2020; Zheng et al., 2021), grouting (Li G et al., 2020; Liu et al., 2021; Liu et al., 2022), and some combined support method (Kang et al., 2015; Tan et al., 2017; Liu X. W et al., 2020). Kang et al. (2018) proposed an improved compound support system for roadways in densely faulted zones, and a study found that pre-grouting is a major measure for large deformation. Li Z et al. (2020) proposed a combined support frame, which included double layer bolt-mesh, shotcrete, and concrete filled steel tube; results indicated that the support can control the deformation of the roadway effectively. However, these techniques listed above mainly focus on the combination of various support methods, such as anchor bolt, cable, bolt-net-cable coupling, and the coupling of active and passive supports (Feng et al., 2021). The time interval between every step and grouting and cables in the floor are considered less.
In this work, the 11-2 transport roadway of Guqiao (GQ) coal mine in Huainan coalfield was taken as a case to study the mechanism and control technique of deep roadways in faulted zones. Large deformation disaster behaviors and mechanism of the research site were first investigated. Then, a control technique named stages and combination control method (SCCM) had been proposed. The effectiveness of SCCM for large deformation controlling was finally verified by numerical simulation and in situ monitoring.
ENGINEERING BACKGROUND
Large Deformation Description
GQ coal mine is one of the largest coal mines of Huainan coalfield, which is in central and eastern China. The Huainan coalfield has a length of about 160 km, width of 20 km, and 50 billion tons of coal resources, approximately. There are nine main coal mines—Xieqiao, GQ, Gubei, Panyi, Paner, Pansan, Zhangji, Dingji, and Zhuji—in Huainan coalfield.
The Huainan coalfield belongs to a part of Qinling-Dabieshan tectonic zone. A synclinorium structure that tends to EW and a series of thrust faults has developed at the edges of two wings of this syncline, which forms the main geological structure of this area. These tectonic movements caused part of the stratum to stand upright or reverse, and a series of sub-order anticline and syncline structures have been developed in this coalfield. The fault structures in this area can be divided into two groups. The first group is an overthrust fault formed with fold, and the other group is a cross-cutting fault, which is parallel to Tanlu fault and cuts a series of folds and faults. These faults and folds constituted a ladder structure with a direction of NE in Huainan coalfield. Therefore, the deep strata in Huainan coalfield are characterized as soft and broken.
The research roadway locates at the eastern area of GQ coalmine, which has three main roadways (including the 11-2 transport roadway, the 13-1 transport roadway, and the 11-2 air returning roadway) with a bury depth of over 950 m. In this area, as shown in Figure 1A, there are three faults, i.e., F96, F97, and F98. Fault F98 is a normal fault with a strike of NE, dip direction of SE, dip angle of 40–50°, fault throw of 10–65 m, and an extension length of more than 2.5 km. Fault F97 is a large normal fault. As shown in Figure 2B, the F97 has a strike of NWW, dip direction of SEE with dip angle of about 50–60°, fault throw of 40–135 m, and an extension length of more than 4.5 km. Most strata in the eastern area are cut by fault F97, and several small faults are associated with fault F97, such as F96.
[image: Figure 1]FIGURE 1 | Location and geology engineering environment of research object. (A) Location of the 11-2 transport roadway. (B) Geological structure of the 11-2 transport roadway.
[image: Figure 2]FIGURE 2 | Large deformation characteristics. (A) Section shrinkage and arch bending. (B) Floor heaving. (C) Side cracking.
The section shape of the 11-2 transport roadway is a combination of a rectangle and a semicircle. The rectangle has a length of 5.2 m and height of 2.8 m, while the semicircle has a diameter of 5.2 m. The total length of this roadway is about 1,532 m, and it has been excavated over 1,000 m. As shown in Figure 1B, the 11-2 transport roadway is the roof of 11-2# coal and the floor of 13-1# coal, and most of its surrounding rock is sandy mudstone. Besides, the research roadway crosses the faults F97 and F98, which makes rocks relatively broken. Therefore, the research object belongs to a deep buried, soft, and broken roadway, which brings some unstable factors of the surrounding rock.
As shown in Figure 2, the 11-2 transport roadway has suffered a severely large deformation disaster since it was excavated. The large deformation characteristics, such as floor heaving, side cracking, steel arch bending, and section shrinkage, can be easily observed in the research roadway. These characteristics indicate that the original supporting process and method cannot control the deformation of the roadway in a reasonable extent, which may bring potential safety risks. It is necessary to take a reasonable support technique to maintain the stability of the roadway; otherwise the excavation rate will be affected.
Mechanical Property
According to rock matrix collected from the roadway, X-ray diffraction (XRD) analysis and uniaxial and triaxial compression tests were conducted to investigate the mechanical property of sandy mudstone.
It is commonly known that the mineral composition can decide the mechanical properties (i.e., strength, dilatability, softening property) of rock. As shown in Figure 3, XRD analysis results indicate that the sandy mudstone contains four minerals, including quartz (38.5%), kaolinite (26.1%), illite (12.8%), and montmorillonite (22.6%). Specifically, it can be found that kaolinite and montmorillonite each make up over 20% of the sandy mudstone.
[image: Figure 3]FIGURE 3 | Minerals contents of the sandy mudstone by XRD measurement.
The rock blocks were collected from the roadway firstly, and then they were drilled into standard cylinder specimens with a height of 100 mm and a diameter of 50 mm, which satisfies the suggested methods of the International Society for Rock Mechanics (ISRM). Specifically, dry and saturated specimens were prepared by dry oven and vacuum deaeration, respectively. Figure 4 presents stress–strain curves of dry and saturated specimens. It is observed that uniaxial compressive strengths of sandy mudstone under air-dried and saturated conditions are 61.12 and 26.06 MPa, respectively. The tensile strength for dry and saturated specimens are 7.31 and 3.74 MPa, respectively. Therefore, the softening coefficient of surrounding rock is about 0.43, which means that the strength of sandy mudstone may decrease hugely after they absorbed water. Besides, triaxial compression tests indicate cohesion and internal friction angle are 9.48 MPa and 38.74°, respectively.
[image: Figure 4]FIGURE 4 | Stress–strain curves of dry and saturated specimens. (A) Uniaxial compression test. (B) Brazilian split test.
In Situ Stress
In situ stress is one of the most essential factors for roadway stability and support scheme selection. There are two methods, including hydraulic fracturing and borehole relief, which are widely used to obtain in situ stress (Haimson and Cornet, 2003). In this study, borehole relief method has been chosen to investigate the stress state of the 11-2 transport roadway.
As shown in Figure 1A, the in situ stress measurement site (ST1) is located at the 11-2 transport roadway with burial depth about 1,000 m. Figure 5 presents the test procedure, which is introduced briefly as follows: 1) Firstly, a horizontal big borehole with a diameter of approximately 130 mm, length of about 20 m, and direction of vertical side wall was drilled out using a rig. 2) Then, a small borehole with a diameter of 36 mm and length of about 350 mm was drilled out at the end of the big drilling hole for sensor installation. 3) Next, the sensor was pushed into the small hole and fixed with a binder. 4) At last, the rock core with the stress sensor was drilled out, and the strain of the sensor was collected during drilling.
[image: Figure 5]FIGURE 5 | The test procedure of borehole relief method. (A) Drill the boreholes. (B) Sensor for stress measurement. (C) Data collector for the sensor. (D) Rock core drilled from borehole.
According to the relationship between the recovered strain of 12 sensors and relieving distance, combined with the strength of rock from the borehole, the in situ stress of this measurement point can be calculated. Results indicate that the maximum principal stress (σ1) is 35.49 MPa, minimum principal stress (σ3) is 16.09 MPa, and intermediate principal stress (σ2) is 20.11 MPa. Moreover, the maximum and minimum stresses along the horizontal direction (σH and σh) and the principal stress along vertical direction (σv) are 32.43, 25.38, and 24.91 MPa, respectively. According to the definition of coefficient of lateral pressure (σH/σy), it can be observed that the stress lateral pressure coefficient of the measurement point is about 1.30, which indicates that the maximum principal stress is along the horizontal direction and is mainly caused by geotectonic movement.
LARGE DEFORMATION DISASTER MECHANISM
To investigate the large deformation disaster mechanism of the research roadway, a series of studies, including the above laboratory tests as well as numerical simulation, are conducted in this section. Many numerical methods have been used to simulate the process of crack initiation and propagation (Liu X. W et al., 2020). The two-dimensional Universal Discrete Element Code (UDEC) is commonly used to study the failure mechanisms of surrounding rock in the roadway (Tang et al., 2021). In this numerical approach, blocks are separated by fracture networks in the fractured rock mass, and these discrete blocks are connected by normal and shearing contacts. Once the load between two blocks over contact stiffness, tensile or shear failures will occur. As a result, the blocks may be disjoined and begin to move. Therefore, UDEC can simulate failure, movement, and rotation of blocks (Itasca, 2004), which are very suitable for investigation of the large deformation process and mechanism here.
UDEC Numerical Model
According to geology engineering environment shown in Figure 1, a numerical calculation model was established. As shown in Figure 6, this numerical model, which contains four different strata (i.e., sandstone, 11-2# coal, sandy mudstone, and 13-1# coal), is a square with dimension of 50 m × 50 m and a roadway located at the center of the model. The shape of the roadway is a straight wall with a semicircle at the top, and the width is 5.2 m, the height of the wall is 2.8 m, the and radius of the semicircle is 2.6 m. For layers of sandstone, 11-2# coal, and 13-1# coal, the joints were generated by two sets of fractures with angles of 0° and 90°. The layer of sandy mudstone has a height of 30 m. The upper part in scope of 10 m two set of fractures with angles of 0° and 90°, while the lower part was described by Voronoi blocks with average length of 1.5 m. Specifically, this average length decreases to 0.5 m around the roadway zone (dimension of 20 m × 20 m) due to the existence of a fractured zone.
[image: Figure 6]FIGURE 6 | UDEC numerical model.
In this model, the vertical displacement is fixed at the base, while the horizontal displacement is fixed at the lateral sides. According to in situ stress measurement result, the horizontal and vertical stresses applied on the numerical model are 32.43 and 24.91 MPa, respectively. Four monitoring points around the surface of the roadway are set with coordination of A (x = 25.0 m, y = 27.6 m), B (x = 22.4 m, y = 23.6 m), C (x = 25.0 m, y = 22.2 m), and D (x = 27.6 m, y = 23.6 m) to monitor the deformation characteristics. Specifically, only y-direction displacement is monitored for points A and C, while x-direction displacement is monitored for points B and D.
There are macro-parameters of intact rock blocks and micro-parameters of contacts between blocks in the UDEC model. According to laboratory tests and numerical calibration tests, the mechanical parameters of the model are listed in Table 1. In Table 1, [image: image], [image: image], and [image: image] are density, bulk modulus, and shear modulus of intact rock, respectively. The parameters [image: image], [image: image], [image: image], [image: image], and [image: image] are internal cohesion, internal friction angle tensile strength, normal stiffness, and shear stiffness of joints, respectively.
TABLE 1 | Parameters of UDEC model.
[image: Table 1]Simulation Results
Figure 7 displays y-displacement, shear stress, and the maximum principal stress distribution around the roadway at different time step. For the y-displacement, as shown in Figure 7A, there is a clear boundary between the roof and floor for time step 10,000. The y-displacement is negative for the rock above the boundary, while this value is positive below the boundary line. The negative displacement indicates the roof settlement, and the maximum y-displacement at the roof is about 265.6 mm due to the fractured rock falling. The positive displacement is mainly caused by floor heave, and the maximum positive y-displacement concentrates on the central part of the floor, which is about 51.9 mm; when the time step increases to 100,000, the y-displacement distribution is totally different. As shown in Figure 7B, y-displacement is concentrated around the roadway, and the changing of y-displacement is not obvious for the area far away from the roadway. Similarly, the maximum roof settlement is about 0.8 m, while the floor heave is 1.08 m approximately.
[image: Figure 7]FIGURE 7 | Distribution of displacement and stress at different steps. (A,B) Displacement distribution of y-direction. (C,D) Shear stress distribution. (E,F) The maximum principal stress distribution.
For the stress distribution, as shown in Figures 7C,D the shear stress is mainly concentrated around the roof and floor corners when time step is 10,000 and the maximum shear stress is about 16.8 MPa. At this stage, the maximum principal stress distribution is around the roadway with depth of 1.5 m approximately (Figure 7E). When the time step increases to 100,000, the surrounding rock becomes more broken, and a crack propagates in the deep part of the surrounding rock gradually. Similarly, as shown in Figures 7D,F, the range of shear stress and the maximum principal stress concentration area gradually expands.
Figure 8 shows the crack initiation, propagation, coalescence, and failure process of the surrounding rock during calculation. For time step 10,000, the surrounding rock already has a series of cracks that exist, and the maximum cracking depth at the right side and bottom of the roadway are 1.91 and 2.72 m. Besides, most of these newly generated cracks are independent and discrete. Once these discrete cracks coalesce together, a fractured block may be formed. As illustrated in Figure 8A, the newly formed broken rock causes the failure of the roadway. The failure phenomenon including block falling and side cracking can be observed at this stage. Furthermore, a more severe failure mode can be detected at time step 100,000. As shown in Figure 8B, the maximum cracking depth at the right side and bottom of the roadway increases to 4.96 and 5.03 m, respectively. Two broken zone (areas inside the blue lines) around the fault can be easily distinguished. The typical large deformation disaster characteristics, such as section shrinkage, floor heaving, and side cracking, can all be observed.
[image: Figure 8]FIGURE 8 | Roadway failure process. (A) Time step 10,000. (B) Time step 100,000.
Large Deformation Mechanism
According to the laboratory tests, in situ geo-stress measurement, and numerical simulation, the large deformation mechanism for the deep roadway in the broken fault zone can be summarized as follows.
Firstly, the XRD test result indicates that the main clay minerals of the surrounding rock are kaolinite, illite, and montmorillonite. After absorbing water, montmorillonite and illite may show the characteristics of swelling and softening, respectively. As a result, the volume of rock sample will increase, while the strength may decrease sharply. The uniaxial compression test results verified this point. The results show that the softening coefficient of the surrounding rock is about 0.43. Therefore, the lower strength of the surrounding rock and easy-to-soften property is an immanent cause for a large deformation disaster.
Secondly, a high in situ geo-stress exists in the surrounding rock. Tests results indicate that the maximum stress along the horizontal direction (σH) and along the vertical direction (σv) are 32.43 and 24.91 MPa. Besides, the tectonic movement around this area combined with blasting excavation made the surrounding rock quite broken. The broken and fractured rock masses can easily cause a large deformation behavior under a high geo-stress, which is the is external inducement for a large deformation disaster.
Finally, the numerical simulation reproduced the large deformation process of the research roadway. Considering the soft and broken rock under high stress condition, the final failure mode is shown in Figure 9A. The rock blocks are connected by a lower weak cementation between joints initially. However, these cementations in the joints will gradually fail due to excavation. As shown in Figure 9A, four main failure modes, including block opening, sliding, movement, and rotation, can be observed during calculation. The opened rock blocks are separated from each other, and then they can slide together or move freely. The rock block at the surface of the roadway moves and falls into the roadway, and then those blocks in the deep part begins to open and move forward.
[image: Figure 9]FIGURE 9 | The final simulation results. (A) The final failure mode of research roadway. (B) The displacement of monitoring points without support.
As shown in Figure 9B, the x-direction displacement of points B and D are 0.56 and 1.06 m, while the y-direction displacement of points A and C are 0.31 and 0.24 m. The curves in Figure 14 also indicate that these deformations do not show a convergent tendency. Therefore, these continuous and uninterrupted behaviors of opening, moving, and rotation are the main reason of the large deformation.
LARGE DEFORMATION CONTROL TECHNIQUE
Stages and Combination Control Method
According to the analysis of large deformation mechanism listed above, a control technique named SCCM has been proposed here. In this method, there are two progressive supporting stages, and these two different stages should be jointly implemented in a certain order.
As shown in Figure 10, the primary support stage (red lines in Figure 10A) consists of the following processes: firstly, eight prestressed anchor bolts with a length of 2.5 m and space of 1.4 m are arranged; then, shotcrete with a depth of 50–100 mm is sprayed on the surface of the roadway; finally, grouting with hole depths of 1.5 and 5.0 m are implemented step by step. After the primary support stage, the secondary support stage (purple lines in Figure 10A), which contains seven cables with a length of 6.3 m and space of 2.0 m, are arranged.
[image: Figure 10]FIGURE 10 | The schematic diagram for SCCM technique. (A) Distribution of grouting holes. (B) Distribution of bolts and cables.
Numerical Simulation Analysis
In order to investigate the control effect of SCCM technique, two numerical cases were conducted in this section. In case 1, only the primary support stages are used after roadway excavation, while both the primary and secondary stages are considered in case 2. The computational model is the same as the UDEC numerical model, and numerical simulation results are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Numerical simulation results of case 1 and case 2. (A,B) Y-displacement distribution. (C,D) Shear stress distribution. (E,F) The maximum principal stress distribution.
As shown in Figures 11A,B, the y-direction displacement is larger than that of case 2. There are two small rock blocks that dissociated from the roof and fell into the roadway for case 1. For case 2, the maximum y-displacement is concentrated on the central part of the floor and roof, which are 59.2 and 78.9 mm, approximately. However, for the stress distribution, they are almost the same between case 1 and case 2 no matter the shear stress or the maximum principal stress. The difference is that the stress has a tiny decrease, while the distribution span extends a little for case 2 compared with case 1, which indicates that the secondary support cables transfer the stress from surface of the roadway to the deep part of the surrounding rock.
The failure mode was also investigated. As shown in Figure 12, after the SCCM technique was implemented, there are no blocks sliding, movement, or rotation during simulation, and only block opening has been observed. For the bottom of the roadway, only several tiny cracks initiated and propagated with a depth of 0.5 m approximately. The left side of the surrounding rock has some opening block and has a tendency of side cracking. However, this disaster has been controlled finally because of the effect of the cables. Besides, no evident cracks can be found at the top and right side of the roadway, which indicates that the SCCM technique can stop the failure of the surrounding rock.
[image: Figure 12]FIGURE 12 | Final failure mode of roadway after SCCM technique was implemented.
Furthermore, the calculated displacements of different monitoring points of case1 and case 2 are shown in Figure 13. Compared with Figure 9B, it is very clear that the maximum x-displacement of point B for no support is about 560.2 mm, while this value decreases to 107.4 and 50.9 mm for case 1 and case 2, respectively. Similarly, the maximum displacements in the x-direction for point D are 1,059.4, −51.5, and −23.8 mm for no support, for case 1, and for case 2, respectively. Besides, some tiny failure and deformation are still observed in the left side wall from Figure 12, which is mainly because of the existence of a sliding plane cut from the fault. These deformations within the acceptable range and numerical results here indicate that SCCM method can control displacement effectively.
[image: Figure 13]FIGURE 13 | Displacement of monitoring points. (A) Case 1. (B) Case 2.
In Situ Deformation Monitoring
As shown in Figure 1A, three monitoring points, namely, MP1, MP2, and MP3, were set in the research roadway to verify the proposed SCCM technique. The monitoring devices were installed on both side walls of the roadway to obtain convergence deformation of the two side walls. As shown in Figure 14A, two monitoring piles were fixed on both sides of the roadway. Then, the deformation was measured by a convergence gauge (3WRM-3), which has a precision of 0.01 mm. The monitoring results indicated that the displacements increased sharply during the first several days. Then, the increasing rate decreases gradually till the 21st, and 34th day for MP2 and MP3, respectively.
[image: Figure 14]FIGURE 14 | In situ deformation monitoring. (A) Methods and facilities. (B) Relation curves between displacement and time.
At that moment, the effect of primary support faded away, and cracks and failure arose in the surrounding rock. After implement of the secondary support stage, the deformation rate began to slow down, and the final deformation rates were 0.045, 0.051, and 0.026 mm/day for MP1, MP2, and MP3, respectively. Besides, this very low deformation rate lasted more than 20 days, which indicates this roadway was already stable. The final convergences of the side walls were 80.91, 68.15, and 54.21 mm for MP1, MP2, and MP3, respectively. These values are very close to the numerical result (about 74.7 mm), which also validates the effectiveness of the numerical method.
CONCLUSION
Considering the large deformation disaster of deep roadways in fault fractured zones, the mechanism of large deformation has been studied firstly. Then, SCCM technique has been proposed to control the large deformation in the present work. The main contributions are listed as follows:
(1) According to engineering geological survey, the 11-2 transport roadway encountered two faults named F97 and F98. After excavation of the roadway, large deformation behaviors, such as floor heaving, side cracking, steel arch bending, and section shrinkage, can be easily observed, which indicates the present support frame cannot maintain the stability of the roadway.
(2) Combined with laboratory tests, in situ stress measurement, and numerical simulation, the large deformation mechanism of the research roadway has been observed. The characteristics of lower strength of and easy to soften property of the surrounding rock is an immanent cause, while high geo-stress is an external inducement of large deformation disaster. Based on these, continuous and uninterrupted behaviors of opening, moving, and rotation of rock blocks finally caused a large deformation disaster.
(3) A control technique named SCCM has been proposed to solve the large deformation disaster. Two steps, named primary and secondary support stages, are included in this method. Numerical analysis and in situ monitoring results indicate that the SCCM technique can stop the failure and control the displacement of the surrounding rock effectively.
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In order to study the influence of microbial content on the engineering properties of expansive soil im-proved by microbially induced calcium carbonate (MICP) method, and to clarify its influence law and mechanism of action, and to provide some theoretical reference for the application of MICP method to expansive soil treatment. Microbial reproduction and their mineralization in expansive soils have been studied. The problems such as moisture content controlling and low calcium content in the process of treating expansive soil with MICP method have been solved by means of adding calcium salt and using optimum moisture content as the control standard of the total amount of bacterial solution and cementation solution. The tests such as compaction, swelling rates and triaxial shear are carried out. The hydrophilicity, compaction, expansibility and strength characteristics of improved expansive soil under different microbial content are analyzed. The results demonstrate that with the increasing of microbial content, the dry density and shear strength of the improved soil are first increased significantly and then tend to be stable gradually. At the same time, the hydrophilicity and expansibility of improved soil are all decreased significantly. The microstructures of improved expansive soil are imaged by scanning electron microscope. Analytic results show that soil particles have been cemented and the pores in the soil have been filled due to microbially induced calcite precipitation. As a result, microstructure characteristics of the soil have been improved. From the microscopic point of view, the improvement mechanism of MICP method on expansive soil has been revealed. The conclusions above laid a theoretical foundation for in-tensive study on the improvement of expansive soil by MICP method. It also provides a new idea for perfecting and expanding the engineering application of expansive soil improvement technology.
Keywords: expansive soil, microbially induced calcite precipitation method, swell-shrink characteristics, mineralization process, microstructure
INTRODUCTION
Expansive soil is a special kind of soft clay with obvious swelling and shrinking properties, multiple fissures and superconsolidation which is extremely widely distributed in China (Xu et al., 2017). Montmorillonite and illite are the two highest proportion of clay minerals in expansive soil, are extremely water absorbent. As a consequence, with changes in water content, significant swelling and shrinkage and generates a large number of fissures are exhibits in soil, which results in a significant reduction in strength when the soil is exposed to water. Especially under extreme weather conditions, the moisture content of the soil is changed with the changing of ambient humidity. While the repeated cycles of moisture absorption–drying occur, the engineering properties of the expansive soil are deteriorated gradually, and the strength is decreased significantly and the deformation is increased, which seriously affects engineering safety (Liu et al., 2020a).
For a long time, domestic and foreign scholars have conducted a lot of research on the engineering properties of improved expansive soils, and many research results have been also obtained. Traditional methods for improving expansive soil are classed into physical improvement and chemical improvement. (Fu et al., 2019; Bian 2016, Bian 2020; Elkady and Shaker, 2018). studied the feasibility of improving expansive soil with lime through expansiveness and water stability experiments. (Wu et al., 2021a; Wu et al., 2021b). mixed steel slag powder into expansive soil, which effectively improved the expansion and shrinkage properties of expansive soil. (Guo et al., 2020). carried out a composite improvement of expansive soil with iron tailing sand-calcium carbide slag. Direct shear tests are conducted to determine the optimum slag mixing rate and optimum sand mixing rate for the improving expansive soil. (Shafiqu and Hasan, 2018). used polymethacrylate (PMA) polymer to improve expansive soils and the optimum admixture of PMA is determined through tests of compaction, swelling rate and unconfined compressive strength. (Wu et al., 2020). mixed calcium lignosulfonate (calcium wood) into expansive soils, it is found that the porosity of the expansive soils can be reduced by calcium wood and the water stability of this soil is also improved. Therefore, the poor engineering properties of expansive soil can be improved with above methods. However, among these improved methods, not only the environment will be caused greater pollution by using the materials such as lime and PMA polymer, but also these improved methods are expensive and a long construction period is needed. Thus, seeking a more economical, eco-friendly and efficient method for improving expansive soil is an urgent problem to be solved in the academic and engineering circles.
Microbially Induced Calcite Precipitation (MICP) is a kind of microbial mineralization process ubiquitous in nature. In the MICP method, high-producing alkaline urease bacteria are uesd to promote the hydrolysis of urea and to interact with calcium sources provided by the outside or some metal ions in the soil (Bai et al., 2017; Bai et al., 2019), calcium carbonate (calcite) precipitation by mineralization is produced. Microbes act as nucleation nodes of calcium carbonate and calcium carbonate crystals are induced the aggregation (Sun et al., 2021; Liu et al., 2019). The main process of MICP method is to mixing the soil with a bacterial solution and a cementation solution (calcium source). In the presence of the above two liquids, calcium carbonate suspended particles are adhered to the surface of soil particles or are penetrated into the pores of soil particles with the flow of liquid (Bai et al., 2020; Bai et al. 2021a; Bai et al. 2021b). In recent years, MICP method has been become a new green technology that is widely used in crack repairing (Yuan et al., 2020; He et al., 2019; Liu et al., 2020b), concrete self-healing (Feng et al., 2021; Bai et al., 2021c), heavy metal pollutant repairing (Lu et al., 2021; Xu et al., 2020), and wind protection and sand fixation (Mwandira et al., 2019; Li et al., 2020) and other engineering fields. (Cheng et al., 2021). applied MICP method to the modification of loess, it is found that the strength of this improved soil has been increased significantly. (Cai et al., 2020). explored the action mechanism of MICP method to cure silty soils, and the maintenance days needed and nutrient solution concentration are determined. (Liang et al., 2020). used MICP method to improve sandy soils, and eggshells are creatively used as a calcium source for the mineralisation process in MICP method. (Hao et al., 2021). improved the weathered sand based on MICP method, and the cementation of calcium carbonate produced in the mineralisation reaction are confirmed through scanning electron microscopy.
Considering the economy and environmental protection for engineering construction, MICP method is used to improve expansive soil, which has broad engineering application prospects. However, there is less literature related MICP method is used to improve expansive soil. Therefore, based on the current studies (Qin et al., 2020; Jiang et al., 2021; Li et al., 2021; Yao et al., 2021; Yu et al., 2021; Yu et al. 2021; Yu et al., 2022), the effect of different microbial contents on the mechanical properties, expansibility and shrinkage of expansive soil improved by MICP method has been investigated. The influence mechanism of MICP method on the microstructure of improved expansive soil has been revealed through the testing of scanning electron microscope imaging.
TEST MATERIALS AND METHODS
Expansive Soil
The soil samples used in the test are taken from the Huancheng road project in Nanning, Guangxi, these are mainly composed of clay minerals such as montmorillonite, illite and kaolinite. The soil is shown scaly, predominantly yellowish and off-white and has a slippery and gritty feel to the touch. The physical properties of expansive soil are shown in Table 1.
TABLE 1 | Physical property indices of the expansion soil.
[image: Table 1]Selection and Cultivation for Microorganisms
The microorganism used in the experiment is Bacillus pasteurii (ATCC1185-9), acquired from the China General Microbial Strain Conservation and Management Centre (CGMCC). This bacterium is a nonpathogenic Gram isolated from natural soil. It has a strong ability to produce urease (Whiffin 2004) and is widely used in related research on the improvement of soft soil by the MICP method. Before the test, the bacteria are inoculated into the slant medium. After activated and expanded, the cultured bacteria liquid is obtained. Then, the bacterial liquid is put into a constant temperature intelligent precision shaker with a rotation speed of 150 r/min and a temperature of 30°C for about 36 h. Finally, a spectrophotometer is used to determine the concentration of the bacterial solution. When the absorbance OD600 = 1, the concentration of the bacterial solution is considered to meet the test requirements. The absorbance OD600 values of the bacterial solutions used during the test are kept at 1.
The Preparation for Cementation Solution
The main role of the cementation solution is to provide a sufficient source of calcium and nitrogen for bacterial mineralisation and to provide a source of energy for the metabolism of microorganisms. In order to prevent the higher chloride ion concentration from inhibiting the activity of urease and affecting the improvement effect of the MICP method on the expansive soil, a lower concentration of the cementation solution was used in the experiment, generally 0.2 mol/L (Kejun et al., 2019). The mixing ratio of the cementation solution is 978.4 ml of distilled water, 43.8 g of CaCl2.6H2O crystals, and 43.8 g of urea.
Test Methods
Expansive soil sample retrieved is dried and crushed first, and then passed through a 2 mm sieve. In order to achieve the maximum compaction of the soil sample and to ensure sufficient nutrient solution for bacterial growth, the optimum moisture content ω = 16.2% corresponding to the maximum compaction is used as the control standard for the total amount of cementing solution and bacterial solution. The cementation solution and the bacterial solution are sprayed into the soil sample for 2, 4, 6, and 8 different times and them are mixed well at every time. At the same time, unimproved expansive soil with the same moisture content is configured as a control group to compare the improvement effects of expansive soil.
In order to ascertain the influence of microbial content on the engineering properties of improved expansive soils, according to the “Standard for Geotechnical Test Methods” (GBT50123-2019), tests for swelling rate and triaxial compression are carried out on different improved expansive soils. Improved expansive soils are air-dried at different treatment times and approximately 5 kg of each of the air-dried soil samples are taken for the preparation of compaction soil samples. For improved expansive soil with different treatment times, two parallel test groups have been made. The air-dried soil samples are crushed and through a 0.5 mm sieve, then a free swelling rate test is performed. For both the unloaded swelling rate and the 100 kPa loaded swelling rate tests, the optimal moisture content ω = 16.2% is used as the control standard for the moisture content of the soil samples.
Specimens of improved soil and unimproved soil with a height of 80 mm, a diameter of 39.1 mm are prepared for triaxial compression test. To ensure the accuracy of the test, three parallel samples are taken for each group of tests. Soil samples are put in the vacuum saturation apparatus to saturate for 12 h. Then they are put into the GDS triaxial instrument to saturate again under the action of negative pressure. Finally, soil samples are subjected to consolidation and drainage shear tests at a rate of 0.04 mm/min under a confining pressure of 50 kPa, 100 kPa, 200 kPa and 300 kPa respectively. According to the requirements of the test specification, when the axial strain is reached to 15%, the specimen is considered damaged and the test can be terminated.
For explore the influence of MICP method on microstructure changes of soil samples, using JSM-IT500LV scanning electron microscope and JEC-3000FC ion sputtering instrument, scanning electron microscopy imaging tests are carried out for unimproved expansive soil and six times treated improved expansive soil. Finally, soil sample has been imaged by scanning electron microscope.
RESULTS AND ANALYSIS
Effect of Microbial Content on Compaction Characteristics
According to the Geotechnical Test Method Standard (GBT50123-2019), compaction tests for improved expansive soil have been carried out under standard conditions, optimal moisture content and maximum dry density of expansive soil with different treatment times have been obtained. Tested results by compaction test of improved expansive soil, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Tested results by compaction test of improved expansive soil.
It can be found from Figure 1 that the optimal moisture content of unimproved expansive soil is 16.2% and its maximum dry density is 1.94 g/cm3. With the increasing of the number of MICP treatment (microbial content), the optimal moisture content of expansive soils first is increased and then is decreased. This is due to the fact that microbially induced calcium carbonate precipitation firstly are cemented with soil particles, soil particles are changed to bigger. Secondly, soil pores are filled with calcium carbonate precipitation, which led to soil pore structure has been changed. The permeability of soil is reduced and its compactness is increased, which led to its optimal moisture content is increased. In addition, due to the action of charge force, calcium carbonate precipitates are adsorbed and are wrapped on the surface of the clay minerals, the hydrophilicity of soil has been reduced. Therefore, the optimal moisture content required to achieve the same density is increase inevitably.
It can also be seen from Figure 1 that the maximum dry density of expansive soil is tends to decrease and then to increase with the increasing of the number of MICP treatment. The maximum dry density is decreased from 1.94 g/cm3 to 1.84 g/cm3 and then is started to increase again. Combined with the analysis of the microstructure of expansive soils improved by MICP method, it is clear that calcium carbonate precipitation is increased with the increasing of treatment times. So that soil particles are changed to bigger and the frictional resistance between soil particles is increased. At the same time, with the increasing of soil particle diameters, the volume of soil pore is increased slightly. As a result, it becomes more difficult to compact soil sample, making it somewhat dry density is reduced. However, as the number of improvements continues to increase, the greater the content of calcium carbonate precipitation, more soil pores are filled by calcium carbonate precipitation, soil porosity is decreases gradually, and soil compactness is increased. As a result, the maximum dry density of soil is increased gradually instead.
Effect of Microbial Content on Swelling Characteristics
According to the Geotechnical Test Method Standard (GBT50123-2019), the free swelling rate, unloaded swelling rate and 100 kPa loaded swelling rate tests have been carried out on the soil samples. Tested results of swelling ratios of improved soil samples, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Tested results of swelling ratios of improved soil samples.
As can be seen from Figure 2, free swelling rate, unloaded swelling rate and 100 kPa loaded swelling rate are decreased gradually with the increasing of times of MICP treatments increases (the microbial content increases). When soil is treated by microbial liquid for more than 6 times, the above three indexes all are closed to a certain fixed value. Compared with unimproved expansive soil, when treatment times of microbial liquid is 6, free swelling rate of improved soil sample is reduced from 61.3 to 14.9%, unloaded swelling rate is reduced from 14.2 to 2.80%, and 100 kPa loaded swelling rate is decreased from 1.8 to 0.4%. This shows that the expansibility of expansive soil can be suppressed effectively by MICP method.
From the changes in the microstructure of improved expansive soil, it can be considered that microbially induced calcite precipitation is existed in the form of spherical particles or spherical aggregates of calcite. It is adhered on the surface of soil particles, so that the frictional resistance between soil particles is increased, and the contact area between expansive soil particles and water is reduced, and the hydrophilicity of expansive soil is reduced, and the expansibility of expansive soil is inhibited. At the same time, water film in the soil is become thinner significantly, swelling potential of expansive soil is reduced, due to the ions between the highly-priced calcium ions in cementation solution and expansive soil are exchanged (Ma et al., 2019). With constantly increasing of improvement times, the total amounts of calcium carbonate precipitation are increased, which resulting in soil particles sizes and soil pore ratio all are increased constantly. Therefore, when the improvement times is exceeded 6, the hydrophilicity of expansive soil is tended to be stable, and the three expansibility indexes are all close to stable values. This means when the improvement times is exceeded 6, increasing the improvement number will no longer have a significant effect on reducing the expansibility of expansive soil.
Effect of Microbial Content on Soil Strength
The relations between deviatoric stress and axial strain of unmodified expansive soil and MICP method improved expansive soil have been obtained through triaxial consolidation and drainage shear tests. The relations between deviatoric stress and axial strain of expansive soil with different improvement times, as shown in Figure 3 respectively.
[image: Figure 3]FIGURE 3 | Relations between deviatoric stress and axial strain.
From Figure 3, it can be found when confining pressure is 50 kPa, 100 kPa, 200 kPa, and 300 kPa respectively, no significant peak is occurred in deviator stress (q = σ1−σ3) of improved expansive soil. With the increasing of axial strain, the increase rate of deviatoric stress is decreased gradually, and finally it is tended to be stable. It is reflected that its stress-strain relations is a typical strain-hardening type. Under the same confining pressure, with the increasing of treatment number by microbial, when soil sample is sheared failure the deviatoric stress value (ε1 = 15%) is increased gradually, that is, its shear strength is increased gradually. Taking confining pressure σ3 = 100 kPa as an example, comparing with unimproved expansive soil samples, the failure deviatoric stress of improved soil samples after it is treated by MICP method for 2, 4, 6, and 8 times is increased by 59.76%, respectively. 79.19, 109.85 and 76.2% respectively.
At the same time, it can be found from Figure 3 that the axial strain [image: image] corresponding to inflection point of stress-strain curve is also increased with the increasing of treatment times under various confining pressure conditions. Therefore, the above results indicate that with the increasing of treatments times (i.e., increasing in the microbial content), shear strength of improved expansive soil is increased gradually, and finally it is tended to be stable. This is because the more treatment times increase, the higher the content of calcium carbonate in improved expansive soil, the stronger the cementation effect on soil particles and the greater the filling effect on soil pores. Thus, with the increasing of treatments times, the angle of internal friction and the cohesion of the soil are increased gradually and its shear strength is also increased gradually. However, when treatment times of improved soil is greater than 6, further increase in treatment times will not only lead to coarsening of soil particles, but also to an increase in soil porosity. Therefore, if the treatment times of soil is increased continuously, which will lead to a reduction in its shear strength. The above results show again that the strength of expansive soil can be increased if microbial content is an appropriate.
Effect of Microbial Content on Microstructure of Soil
Through the test of scanning electron microscope imaging, the microstructure of expansive soil improved by MICP method can be visual analysis. Scanning electron microscope imaging of expansive soil is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Scanning electron microscope imaging of expansive soil.
It can be found from Figure 4A that in unimproved expansive soil, the spatial distribution of soil particles is in sheet structure, and the particles are mainly connected in the form of face-to-face connection. According to the lattice expansion theory (Hensen and Smit 2002), the highly directional arrangement structure presented by expansive soil is extremely beneficial to its swelling and shrinkage. When water molecules is entered the interstices to form a water film, lattice expansion is occurred, the spacing between lattice faces is increased gradually, which thus causes expansive soil to swell. On the contrary, after the loss of water, the water film in the gap is become thinner, the distance between lattice faces is reduced, which causes expansive soil to shrink.
As it can be seen in Figure 4B, the microstructure of expansive soil after 6 times of treatments is shown that the lamellar soil particles are filled with granular and flaky crystals of different sizes and with irregular surfaces. The essence of these crystals is calcium carbonate precipitation produced by microbial mineralization, these precipitation with the effect of “cementation” and “filling”.
It can also be seen from Figure 4 that some calcium carbonate precipitates are attached to the surface of soil particles, and soil particles are condensed into aggregates under the cementation of calcium carbonate precipitates. At the same time, the pores between the soil particles are filled by some calcium carbonate deposits. Due to the increasing of aggregates and the filling of pores, the pore volume is reduced significantly, soil hydrophilicity to a certain extent is reduced and water stability of the soil is improved. With the increase of irregular crystals on aggregate surface, friction resistance and cohesion between soil particle faces are increased, shear strength of soil sample is improved (Yao et al., 2022). This is consistent with the results obtained from triaxial test, that the shear strength of expansive soil is increased with the increasing of treatment times.
CONCLUSION
Experimental study on Nanning expansive soil improved by MICP method have been carried out. Through indoor tests such as compaction, swelling rate and triaxial compression etc., improvement effect of the MICP method is studied comparatively, and microstructure mechanism of improved expansive soil by MICP method has been revealed. The following conclusions have been obtained.
(1) Optimal moisture content required for expansive soil to reach the maximum compaction degree is used as the control standard for total amount of bacteria solution and cementation solution. Thus, the problem that physical state of soil can be changed due to excessive moisture content during improvement of expansive soils by MICP method is solved. In the process of improving expansion soil by MICP method, another problem that low calcium content in natural expansive soil is also solved by adding calcium salt.
(2) Due to microbially induced calcium carbonate precipitation, soil particles are cemented and soil pores are filled and microstructure characteristics of soil are improved, thereby hydrophilicity, compaction, swelling and strength properties of soil have been improved.
(3) Swelling characteristics of expansive soils are suppressed effectively by MICP method. Free swelling rate, unloaded swelling rate and 100 kPa loaded swelling rate are all lower than those of unimproved expansive soil. After improvement, the lowest values of above three swellability indices are 14.9, 2.80 and 0.4% respectively, which are 75.7, 80.3 and 77.8% lower than the unimproved expansive soil.
(4) After improvement, the shear strength of expansive soil has been increased significantly. With treatment times, cohesion and internal friction angle both are increased first and then are become stable. After six treatment times, cohesion and internal friction angle are reached the maximum value, which are 117.04 kPa and 24.48° respectively.
(5) Analysis of microstructure imaging of expansive soil by scanning electron microscope indicate that microstructure of soil is changed due to microbial mineralisation process. Furthermore, improvement mechanism of expansive soils by MICP method is revealed at the microscopic level. Calcium carbonate precipitation is caused in the process of microbial mineralisation, from which soil particles are cemented and soil pores are filled, the swelling, hydrophilicity and the strength of expansive soil thereby are improved.
The above conclusions have laid a theoretical foundation for in-depth research on expansive soils improved by MICP method. It also provides a new idea to prefect and expand engineering application for improvement technology of expansive soil.
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Underground excavation techniques are frequently used in subway stations during the construction of urban rail transit. The current study analyzes and investigates the surface settlement and deformation laws of large-span shallow buried underground excavated stations depending on a vast quantity of measured data from the Qingdao Metro Line 3. According to the comprehensive study, obtained results show that: 1) the excavation of pilot tunnels on both sides will result in the longitudinal settlement at the ground surface; however, the settlement will be quite minor, within −10 mm. During the excavation of the middle part of the pilot tunnel, large surface settlement may occur, and the settlement may reach −30 mm, while during the excavation of the lower soil and construction of the station structure, the surface settlement changes insignificantly, and some monitoring points show a sinking trend. 2) Data fitting reveals that regression analysis with a one variable cubic polynomial produces excellent fitting results. In addition, the analysis based on statistical methods reveals that the conditions of the surrounding rock are poor (Class that the arch, and the overall buried depth of the station is not larger than 10 m. 3) Since the surface settlement control standard for large-span boring tunnels is −60 mm, using −48 mm as the warning value is more reasonable. The test conducted in the current study has helped accumulate a large amount of ground settlement monitoring data, which can provide a particular reference for the subsequent design of similar lines.
Keywords: subway tunnel, shallow buried excavation, surface settlement, settlement law, fitting analysis
INTRODUCTION
Subway stations are generally constructed at intersections with complex surrounding environments during the construction of urban rail transit, and some stations must be constructed underground according to circumstances such as road diversion and pipeline relocation (Colvile et al., 2004; Huang and Zhang, 2004; Jakimavičius, 2013). However, since subway stations are typically buried in shallow zones and in poor geological conditions, the underground excavation technique is prone to exhibit significant surface settlement, which can lead to rupture of the pipeline, collapse of the road/tunnel, and other issues (Prasad et al., 2011; Elshafie et al., 2013; Bai et al., 2021). A similar situation was experienced in the construction of the Qingdao subway; the surface layout of most underground stations exceeded the standard, which brought obstacles to construction and management and caused the construction period to be prolonged (Attewell et al., 1986; Peck, 2017).
In the current literature, there are numerous studies conducted by scientific researchers on the surface settlement deformation caused by tunnel excavation, and several more mature methods were developed, including the empirical formula method (Yang et al., 2019; Yang et al., 2021a), numerical simulation method (Zheng et al., 2019; Yang et al., 2020a; Yang et al., 2020b; Yang et al., 2021b), stochastic environment theory, and statistical analysis method. Zhang (Zhang, 2013) investigated the effect of varying step lengths on surface settlement using finite element modeling software. A comparison of the actual monitoring data revealed that excavation to ground surface subsidence influences significantly; smaller footage leads the smaller settlement. In addition, the steps method during the construction of the surface subsidence has mainly resulted in excavation steps with a total settlement of more than 90%. In another study, Zhang et al. (Zhang et al., 2012) reported that arch cover construction technology is particularly appropriate for large-span tunnel excavation in the “upper soft, lower hard” stratum. Total surface settlement can be effectively reduced if construction control measures are taken, and it is recommended to keep the left and right guide holes at 2.5 times the diameter. Meng et al. (Meng et al., 2012) compared and analyzed the surface settlement characteristics caused by large-span shallow buried tunnel construction by applying the Peck method and random medium theory. Zhou (Zhou, 2012) analyzed the field measured data and concluded that the final surface settlement was not directly related to the construction sequence, time and schedule, etc.; the geological conditions, construction method, and surrounding environment were the major parameters to determine the final settlement at the monitoring point. Xu (Liu et al., 2018), who combined the basic principle of the BP neural network with the field measured data to establish an analysis model, stated that geological conditions have a decisive role in surface deformation. In addition, they stated that the higher the level of the surrounding rocks, the greater the subsidence deformation, and the greater the influence of the surrounding rocks and groundwater level on surface subsidence deformation. In the study performed by Ji (Liu et al., 2015), the finite element analysis software ABAQUS was used to simulate the dynamic excavation process of the tunnel; it was concluded that the length of the open tunnel affected the displacement release rate of the surrounding rock, which can also reflect the stress release rate of the surrounding rock. Wang (Wei et al., 2017), who used finite element software and integrated it with actual monitoring data to conduct a comparative evaluation of Jiangxi Road Station’s surface settlement, stated that the cumulative surface settlement caused by the CRD method was greater than that caused by the double-wall guide pit method in the case of the cover-to-span ratio being less than 0.62.
Tunneling has a significant impact on the settlement; in the case of the monitoring point being 1.0–1.5 times the tunnel diameter from the tunnel surface, the tunnel excavation has a remarkable effect on the surface of some unexcavated sections, which can also be defined as early settlement. The early settlement can constitute 15–20% of the final cumulative settlement. The surface settlement rate increases dramatically as the excavation face advances, and the increment of cumulative settlement can reach 1–3 times the hole diameter from the measuring point behind the face. The section’s settlement amount constitutes about 50–60% of the final settlement value. In the case that the back distance of the excavation face is 3–5 times the hole diameter of the measuring point, the settlement rate decelerates; hence, the rate of increase in settlement variation reduces. In this stage, the settlement constitutes about 15–20% of the final cumulative settlement. After the excavation face progresses five times the hole diameter of the measuring point, the surface settlement exhibits slow increment. Thereby, the settlement curve tends to become smoother, which constitutes about 10% of the final cumulative settlement value.
In the studies presented above, the empirical formula method, stochastic media theory, and numerical simulation method are generally used; the numerical simulation method is the most used among all methods. Metro Line 3 is Qingdao’s first subway line, which may be utilized as a model and provides significant knowledge for subsequent line design, construction, and risk management. In the current study, relevant theoretical knowledge of tunnel construction, mathematical statistics, construction monitoring, and so on was used to analyze the surface deformation mechanism of an underground tunnel at first. Based on the existing monitoring data and relevant knowledge of mathematical statistics, the longitudinal surface subsidence deformation caused by the excavation of the long-span underground tunnel in Qingdao metro was summarized, and reasonable control indexes were analyzed.
PROJECT OVERVIEW
Design Overview
The subway line 3 is the first rail transit line under construction in Qingdao, with a total length of about 25 km and 22 stations and one depot, as shown in Figure 1. Specific parameters are shown in Table 1. Seven stations were built through shallow buried excavation under the influence of road traffic and the surrounding environment. The general situation of the three stations that are the subject of the targeted research is shown in Table 2. The underground station is mainly located below the main road of the city; because of the heavy road traffic flow and numerous surrounding structures, the tunnel construction requirements are strict. Visuals of relevant rock drilling sampling to represent the geological structure of the region at various railway stations are shown in Figure 2.
[image: Figure 1]FIGURE 1 | Route diagram of Metro Line 3.
TABLE 1 | Engineering geological parameters of the test site.
[image: Table 1]TABLE 2 | Basic information table of each underground station.
[image: Table 2][image: Figure 2]FIGURE 2 | Rock drilling and sampling. (A) Zhongshan Park Station; (B) Fushansuo Road Station.
Engineering Geological Overview
According to the engineering geological survey data of each underground excavation station of subway line 3, the overburden of the station mainly constitutes an artificially filled soil layer, clay layer, and weathered rock layer, while the main penetrating rock layer of the station is mainly strong, medium, and breeze granite; granite porphyry; and lamprophyre in some parts. Considering the engineering properties of various kinds of rocks and soil, the geological conditions of each underground excavation station have typical characteristics of “soft on the top and hard on the bottom”, which are manifested explicitly as soft soil above the arch, with properties as increased water seepage, significant disturbance of blasting and excavation, and easy instability in the absence of support. The station’s main body has excellent geological characteristics, and the surrounding rock grade is typically Class III to IV, which necessitates blasting and excavation, and it takes a long time to stabilize after excavation. The soil profile and topology to present are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Soil profile and topology to present.
Hydrogeology Overview
According to the different occurrence medium and burial conditions, the groundwater in the related area can be divided into quaternary pore water, weathered fissure water, and structural fissure water. Quaternary pore water is present primarily in the sand layer and is significantly influenced by atmospheric precipitation. Weathered fissure water is present primarily in weathered rock and is distributed in a layer-like pattern in the relatively low-lying terrain. Generally, it is replenished by atmospheric precipitation and overlying pore water. The tectonic fissure water mainly occurs in the tectonic belt on both sides of the fault zone and the intrusive dike positioned behind. Moreover, it is replenished primarily by atmospheric precipitation and weathered fissure water, and the local water volume is relatively large. The overall hydrogeological conditions in each station site are reasonable as per the detailed examination of the construction process and geological exploration data; however, water seepage persisted on the palm and first branch surface after excavation. If preventive treatment is not applied in time or in place, it will not be conducive to controlling the upper stratum settlement.
Main Construction Methods of Long-Span Underground Tunnels
Increment in the excavation section size gradually causes increment in construction difficulty; thus, the available construction methods become insufficient in such cases. In the current state, the main excavation methods of long-span underground tunnels in China consist of the full-section method, step method, double-wall pit guide method, CRD method, arch cover method, etc. (Sharifzadeh et al., 2013). In the metro, which is the subject of the present study, the selection of the wide span underground tunnel construction method was carried out entirely by utilizing the experiences of other regions, and each construction method was combined according to the specific characteristics of each station to take full advantage of the benefits of each method (as presented in Table 3).
TABLE 3 | Main construction methods of underground excavation station of subway line 3.
[image: Table 3]MONITORING AND DATA ANALYSIS
Construction monitoring should be undertaken throughout the construction process of urban rail transit engineering, according to the technical specification for Urban Rail Transit Engineering Monitoring (GB50911-2013) (Ministry of Housing and Urban-Rural Development, 2013). Throughout subway construction, the construction unit selects the construction party’s monitoring unit to monitor the main body of the tunnel and the surrounding environment in accordance with the design criteria; in addition, the construction unit selects the third-party monitoring unit as a complement to the construction party’s monitoring through bidding. Examining the surface settlement monitoring data, which is an important monitoring element in tunnel construction, can provide some reference for relevant investigations of the long-span underground tunnel.
Monitoring Method
The majority of the surface settlement monitoring methods adopts precision leveling measurement (Touhei et al., 2013; Shen et al., 2021; Zhang et al., 2021). The Topcon GM-52 high-precision total station instrument is used in this monitoring process. All data are automatically read by the total station, which greatly improves the accuracy of data. The standard reference point is determined by choosing a fixed point. Then, its height is measured (H), monitoring is performed by measuring the elevation difference (ΔH) between the base and of the monitoring, and then the actual height of the monitoring (ΔHt) is calculated. At last, the site of the sedimentation value change (ΔH) is determined based on comparison with the last measured elevation. Calculations are performed by the presented equation as follows:
[image: image]
Monitoring Distribution Points
Surface settlement evaluation is vital for tunnel excavation and can directly reflect the soil change above the tunnel. Since direct drilling and coring on the road surface for point distribution is difficult to accomplish and is frequently subject to artificial damage, the distribution point of the surface settlement this time is mainly to directly drive the spike into the road surface as the monitoring point. The locations where the local circumstances are met and the locations with higher risks should be cored in accordance with the specification requirements.
Consequently, the measuring points of tunnel surface settlement were arranged before the tunnel face reached the monitoring section with a diameter of 3–5 times. The longitudinal spacing of surface settlement in the underground excavation stations was 10–20 m, with a row of local encryption points of 5 m; in addition, the transverse distance was 2–5 m, and the middle line was encrypted. In this monitoring process, the monitoring period of all monitoring points was 24 h. In principle, the monitoring range on both sides of the middle line should not be less than H0+B (H0 is the buried depth of the tunnel, and B is the width of the tunnel). In case the ground conditions are limited, the monitoring range can be appropriately reduced; however, the measuring range should be broadened appropriately in the presence of controlled structures on the surface. However, the ground environment often affects the distribution points mainly concentrated directly above the main body, and the two sides extend slightly outward.
Monitoring Data Analysis Methods
Analysis methods for monitoring data can be listed as statistical analysis, finite element, boundary element, and reverse analysis methods, etc., in general (Liu et al., 2019; Elbaz et al., 2020). The nonlinear regression analysis was used in the current study for the statistical analysis method to analyze the law of surface subsidence deformation.
If the relationship between two variables is not linear, then the relationship between them is called nonlinear, that is, to nonlinear regression analysis. The primary strategy for nonlinear regression problems is to first transform the variables into linear regression and then cope with them using the linear regression method. Nonlinear regression analysis techniques typically used in monitoring data processing include numerous unary equations, exponential functions, logarithmic functions, hyperbolic functions, etc.
LAW OF LONGITUDINAL SURFACE SETTLEMENT
Entire Process Surface Settlement Analysis
According to the on-site construction process, the monitoring distribution points and data change curves of each monitoring point, 2–3 monitoring sections from each station, and 2–6 representative measuring points of each monitoring section were selected to plot the whole process. Afterward, the obtained process change curve and a total of 25 surface settlement change curves were summed. Figure 4 shows the surface subsidence change curve of Zhongshan Park Station.
[image: Figure 4]FIGURE 4 | Settlement change curve of Zhongshan Park Station. (A) DC001-103, DC001-104; (B) DC001-107, DC001-108; (C) DC001-116, DC001-119.
It has been observed in Figure 4 that the entire process change curve of the surface settlement monitoring point was consistent, and the obtained curve change can be divided into four stages according to the different curvatures of the curve change. In the first stage, from the beginning of the monitoring until mid-April 2012, the curve first decreased significantly and then gradually changed. The cumulative settlement was between −5 and 15 mm, and the variation was 5–15 mm. The corresponding construction stage to the mentioned value was the excavation of the upper and left guide holes on both sides. In the second stage, from the middle of April 2012 to the middle of October 2012, the curve settlement changed significantly, with the cumulative settlement between −25 and 35 mm and the variation between 10 and 25 mm. The cumulative settlement value of some monitoring points in this stage exceeded 30 mm, and the minimum exceeded 20 mm. The construction process corresponding to mentioned values was in excavating the upper–middle guide hole and manual digging pile. In the third stage, from mid-October 2012 to mid-October 2013, the settlement changes of all measuring points were generally flat on the whole, without obvious fluctuations. The accumulated settlement was fundamentally the same as that at the end of the second stage, and the change was approximately 5 mm. However, at the beginning of this stage, an obvious uplift was observed. Compared with the on-site construction process, it was found that the arch grouting reinforcement was carried out in this stage, followed by the arch second lining construction, which lasted for about one year. In the fourth stage, from mid-October 2013 to August 2014, the change curve of all measuring points fluctuated to some extent, yet the law was quite different. In addition, some measuring points showed minor settlement, while some measuring points showed slight uplift or remained unchanged. Through in-depth comparison, it is found that the measuring points with slight uplift or unchanged in this stage were located outside the main body’s edge line, however, quite close to the edge line, while the points with settlement were found inside the main body’s edge line. The analysis showed that the settlement trend within the edge line was average during the middle and lower part of the main body excavation and secondary lining construction. The edge line position was not significantly changed due to the internal support of the pile body and beam. The corresponding construction process of this stage was the earthwork excavation and structure construction of the middle and lower part of the main body. Figure 5 shows the whole process change curve of Zhanshan Station surface subsidence.
[image: Figure 5]FIGURE 5 | Settlement change curve of Zhanshan Road Station. (A) DC04-04‐DC04-07; (B) DC07-05‐DC07-08; (C) DC10-05‐DC10-08.
According to the monitoring section of DC04-04–DC04-07, from the beginning of the first stage to the early April of 2012, the variation trend of the surface settlement was obvious. Nevertheless, the accumulated seating value did not exceed the standard and also 20 mm. The corresponding construction stage was the excavation of the guide hole on both sides of the upper part. In the second stage, from early April to early June 2012, it continued to sink; however, the change rate was significantly slower than that in the first stage, and the accumulated settlement reached about −30 mm. The corresponding construction stage was the excavation of the front palm face, which exceeded 40 m by June, and connecting the upper guide holes on both sides. In the third stage, from early June 2012 to early August 2012, the surface subsidence deformation trend increased again, and the cumulative surface subsidence value reached between −45 and 55 mm. The corresponding construction stage was the guide hole excavation on both sides of the central part. In the fourth stage, from August 2012 to early January 2013, the surface settlement experienced the third significant settlement change, and the cumulative settlement value reached −60–75 mm. The corresponding construction stage was the excavation of the lower two sides guide hole and the upper–middle guide hole. In the fifth stage, from early January 2013 to late February 2014, the change of surface settlement was generally flat, but slight uplift was caused by grouting reinforcement. The corresponding construction stage was mainly secondary construction. Similarly, the monitoring sections of DC07-05–DC07-08 and DC10-05–DC10-08 can be basically divided into five stages. Figure 6 shows the whole process change curve of Fushansuo Station surface subsidence.
[image: Figure 6]FIGURE 6 | Settlement change curve of Fushansuo Road Station. (A) DC50∼DC53; (B) DC55∼DC57.
According to the change curve of Fushansuo Station, the change process of surface subsidence can be divided into four stages. In the first stage, from the beginning to the end of June 2011, there was a small amount of settlement in the monitoring data of this stage, but the cumulative settlement was small, with a maximum between −5 and 10 mm. The corresponding construction stage was the excavation of both sides of the guide hole. In the second stage, from late June to mid-August 2011, the settlement changed significantly, and the accumulated settlement reached −30–40 mm. The corresponding construction stage was the middle guide hole excavation. In the third stage, from mid-August 2011 to early January 2012, the surface continued to sink; however, the trend was slow. The cumulative settlement was between −35 and 50 mm, and the cumulative change was basically within 10 mm, lasting for more than 4 months. The corresponding construction stage did not include any construction phase under the monitored section. The fourth stage was from early January 2012 to August 2012. The monitoring data changed steadily without significant fluctuations in this stage, and the accumulated settlement remained unchanged. The corresponding construction stage was the middle and lower guide hole excavation. Owing to the stable change of monitoring data in the later period, no continuous monitoring was performed during the construction of the main structure.
Fitting Analysis of Surface Settlement Change Curve
Zhongshan Park Station
Based on the experiences of underground tunnel construction in the past, it can be said that tunnel collapse and surrounding environment accidents occurred primarily in the excavation of the upper part of the main body. In the construction of the Qingdao metro underground station, it has been noted that local collapse, leakage of pipelines, excessive ground settlement, and other accidents often occurred in the excavation of the upper guide hole of the station main body. Consequently, it is necessary to strengthen the construction control of the upper guide hole. In the current research, surface settlement change curves during upper or middle Earth excavation were analyzed in depth, and curve fitting was performed with the help of OriginPro software.
The construction progress of Zhongshan Park Station can be divided into Phases I and II. Based on the monitoring values and curves of Phase I of Zhongshan Park Station (Table 4; Figure 4), the results fitted by OriginPro software are shown in Figure 7.
TABLE 4 | Comparison of construction progress and monitoring data of Zhongshan Park Station.
[image: Table 4][image: Figure 7]FIGURE 7 | Data change curve in the first stage.
According to the relationship between the data change curve and construction progress, before the pilot face of the left and right lines went down through the monitoring points, the data tended to sink (it can be seen from Table 3 and Figure 8). Still, the accumulated settlement was small, at about 5 mm. After the left and right guide holes passed through the measuring points, the surface continued to sink. It was not until the left guide hole passed through the monitoring points for nearly 60 m, that was until the data changes became stable after the tunnel diameter was more than three times (tunnel span is 20 m), and the tunnel depth was six times. In the meantime, the cumulative surface settlement was −10.09 mm. When the horizontal distance between the pilot face of the middle guide hole and monitoring point was less than 10 m, the settlement trend of the monitoring point started to increase again and entered the second stage. According to the monitoring data in Table 4, scatter plots are drawn, and curve fitting is carried out, as shown in Figure 9.
[image: Figure 8]FIGURE 8 | Data change curve fitting diagram. (A) phases I; (B) phases II.
[image: Figure 9]FIGURE 9 | Data change curve fitting diagram of the first stage.
The fitting formula was obtained as [image: image]. With a strong correlation, the correlation coefficient reached 0.956, near to 1, and the fitting effect was close to the actual change curve.
According to the first stage data processing method, the second stage monitoring data of the monitoring point were fitted and analyzed, and the curve is shown in Figure 7.
The fitting formula was obtained as [image: image]. With a strong correlation, the correlation coefficient reached 0.96 with a high correlation, and the fitting effect was near to the actual change curve.
Zhanshan Station
According to the construction schedule, the Zhanshan Station can be divided into two phases (Phases I and II). Based on the monitoring values of Phase I (Table 5), the results fitted by OriginPro software are shown in Figure 8.
TABLE 5 | The first stage monitoring values of a measuring point in Zhanshan Station.
[image: Table 5]The fitting formula was obtained as [image: image]. The correlation coefficient reached 0.99, with a high correlation, and the fitting effect was close to the actual change curve.
According to the first stage data processing method, the second stage monitoring data of the monitoring point (Table 6) were fitted and analyzed. The curve is shown in Figure 10.
TABLE 6 | Second-stage monitoring values of a measuring point in Zhanshan Station.
[image: Table 6][image: Figure 10]FIGURE 10 | Data change curve fitting diagram of the second stage.
The fitting formula was obtained as [image: image]. The correlation coefficient reached 0.98, with a high correlation, and the fitting effect was quite near to the actual change curve.
Fushansuo Station
Based on the monitoring values of the Fushansuo station (Table 7), the results of an OriginPro software fitting are presented in Figure 11.
TABLE 7 | The monitoring values of a measuring point in Fushansuo Station.
[image: Table 7][image: Figure 11]FIGURE 11 | Data change curve fitting diagram.
The fitting formula was obtained as [image: image]. With a high correlation, the correlation coefficient reached 0.99, and the fitting effect was close to the actual change curve.
Analysis of Surface Settlement Control Standards
The control standard of surface subsidence caused by urban subway tunnel excavation has been a hot research topic in recent years. The surface settlement caused by tunnel excavation is affected by geological conditions, tunnel burial depth, construction method, support parameters, and other factors, so it is difficult to describe the settlement’s changing process and final deformation value accurately. Despite this, a huge number of engineering practices and scientific investigations reveal that the surface subsidence deformation caused by tunnel excavation is regular. Through statistical analysis of a huge number of measured data, a more reasonable surface subsidence control standard value can be obtained to guide other line tunnel excavation processes.
Data selection should first assure data consistency and, in general, comply with the actual construction process on-site. Due to the failure of some station monitoring to be carried on continuously after the end of the excavation and based on previous construction experience, the overall settlement amount between the end of excavation and construction is generally minor. Furthermore, the impact on the structure itself and the surrounding environment is much reduced compared to the excavation stage. Therefore, the current study on the cumulative settlement control index mainly focused on the surface cumulative settlement control value after the excavation.
243 effective surface settlement measuring points in each station were selected. Statistical analysis showed that the maximum settlement value was −81.11 mm, the minimum settlement value was −1.46 mm, and the mean value was −36.06 mm. The specific data are presented in Table 8.
TABLE 8 | Statistics of surface settlement data.
[image: Table 8]In the current situation, the surface subsidence control standards adopted by Qingdao metro long-span underground excavation stations are mostly based on −30 mm. In this study, the measurement points with settlements exceeding 30 mm accounted for more than 61%, and no evident damage occurred to the road surface and underground pipelines throughout the construction process. The area around the monitoring point where the cumulative settlement value reached −81.11 mm did not appear abnormal, and the site was generally safe and controllable. This implies that the control value of cumulative surface settlement set at −30 mm is too conservative, causing a lot of hassles for site construction, management, and wasting additional resources. Therefore, it is necessary to adjust the control index.
The proportion of surface settlement between −10 and 60 mm reached 81%, as shown in Table 8, and the number of surface settlement points in each section was not significantly different. The measurement points above −60.00 mm constituted for a relatively small percentage, only 10%. According to the abovementioned analysis, the arch of the surrounding rock conditions was poor (V, VI level), and the overall station depth under the condition was lesser than 10 m. The ground settlement after the end of the large-span underground tunnel excavation stability with −60 mm was more reasonable according to the final settlement control standard. The warning value was 80% of the final settlement value with −48 mm.
It was found that utilizing a cubic polynomial of one variable improved the fitting impact of the surface settlement deformation curves of each station during earthwork excavation, and the correlation coefficient was essentially above 0.95. The cubic polynomial of one variable was relatively simple compared to other functions, and the calculation was rapid. However, the formula coefficients derived from the curve fitting of each station’s surface settlement change were quite different. Therefore, the surface settlement change curve during the excavation of large-span underground tunnels was impacted by a variety of factors, and only a certain analysis and judgment can be made from the overall change law.
CONCLUSION

1) The data changes of each underground station were analyzed by comparing the surface subsidence curve of each station. Surface settlement occurred when excavation took place on either side of the guide hole, but the overall settlement was relatively small, basically within 10 mm of the foundation. The large surface settlement will occur during the middle or middle guide hole excavation. The larger settlement potentially can reach over 30 mm depending on geological conditions. The change in the surface settlement was not evident throughout the excavation of the lower soil and building of the station structure, and some sites had a certain subsiding tendency owing to the effect of geological circumstances.
2) The surface settlement variation throughout the excavation of the station’s main body was analyzed via fitting. It was revealed through data fitting that regression analysis utilizing a cubic polynomial of one degree could be advantageous for a superior fitting effect; however, the parameters of the findings were significantly different. Therefore, only through the overall change law can we analyze and guide other excavation station construction.
3) For the arch with surrounded weak rock (V, VI level), the overall depth was lower than 10 m, large-span underground running tunnel surface subsidence control standards used to 60 mm, and warning value of—48 mm was more reasonable. For station arches with surrounded relatively better rock (IV level and below), it was more acceptable to be performed as per the specification and design documents.
4) According to fitting data analysis, the surface settlement changes per underground station were still incredibly diverse, which may be attributed to geological conditions and environmental variables. Therefore, in case of increasing data volume, it is necessary to summarize the surface settlement rules of other stations comprehensively to obtain directions with a broader range of adaptability.
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The contact is a typical non-linear problem that exists in various projects. For traditional three-node triangular mesh and four-node quadrilateral mesh, the accuracy and convergence of the calculation results are affected by the quality of the mesh. The test space and trial space in the virtual element method (VEM) do not need to be accurately calculated, avoiding mesh dependence. In this paper, the formulation of linear elasticity and the formulation of the frictionless node-to-segment (NTS) contact model via VEM are shown. There are four numerical simulations. The sensitivity of the virtual element method to mesh distortion is studied in the first numerical simulation. The exactness and convergence of the algorithm are investigated by the second numerical example. The second numerical example simultaneously explores the penalty factor’s effect on the results. The third example investigated the impact of mesh shape and number of Voronoi mesh elements on the results by comparing normal contact stresses. The fourth numerical example studies the application of the method to engineering. Those numerical examples show that the virtual element method is insensitive to mesh distortion and could solve the joint contact in engineering.
Keywords: virtual element method, sensitivity of mesh, frictionless, node-to-segment contact model, voronoi mesh
1 INTRODUCTION
The contact problem is a typical nonlinear problem, widespread in actual engineering such as geotechnical engineering, building structure, water project, and machinery engineering. In the past 2 decades, with the development of electronic computers and the rise and development of various numerical methods, there are powerful means to handle the contact problems such as finite element method (FEM), numerical manifold method (NMM) (Yang et al., 2019; Zheng et al., 2019; Yang et al., 2020a; Yang et al., 2020b; Yang et al., 2021a; Yang et al., 2021b), boundary element method (BEM).
For those numerical methods, FEM has been the greatest broadly utilized. Hughes (Hughes et al., 1976) and Francavilla (Padmanabhan and Laursen, 2001) are considered pioneers who solve the contact problem by using FEM. In order to improve the classical contact discretization, there are some methods that have been studied, which are based on constraint element node enforcement. (Hautefeuille et al., 2012; Khoei et al., 2006; Wriggers et al., 2001). More recently, some researchers (Wriggers et al., 2001; da Veiga et al., 2014; Sheng and Yuan, 2012; Krstulovic-Opara et al., 2002; Liu et al., 2007; Flemisch et al., 2005) prefer the mortar method for the discretization of contact constraints. The stable interpolation condition for contact constraints is provided by those methods because of the weak form based on the mortar method. What is known to us is that the gradient of the FEM with a standard degree of freedom is not continuous on internal element edges. When FEM is employed, it has been proved that results are highly sensitive to mesh quality (Lee and Bathe, 1993; Liu et al., 2007; Yang et al., 2014). For contact problems, the results are influenced by the quality of the meshes where they are in the possible contact area. When the contact boundary between two contact bodies is irregular, the calculation results using FEM are greatly affected.
Because of the insufficient FEM, the VEM is proposed by Brezzi (Beirão Da Veiga et al., 2013). Since the birth of the VEM, it has been applied in many aspects by many scholars. The two-dimensional Poisson problem that is discretized by polygonal discretization is solved by VEM (Sutton, 2017). In the VEM framework, the maximum entropy basis function is employed to settle the Poisson problem and linear elastic problem by Ortiz-Bernardin (Ortiz-Bernardin et al., 2017). Sun and Lin (Sun et al., 2020) studied the stability of stony soil slope under excavation using VEM. However, there are few papers that solve the contact problem by VEM.
The contact constraint is commonly handled by the Lagrange multiplier method (LMM) (Béchet et al., 2010; Hautefeuille et al., 2012), the penalty method (PM) (Liu and Borja, 2008; Liu and Borja, 2010a; Liu and Borja, 2010b), and the augmented Lagrange method (ALM). The PM can convert the non-linear contact problem into material nonlinearity. The advantage of the PM is that the global system is not extended when the contact conditions are introduced. The disadvantage of PM is that the contact constraints can be satisfied approximately. The contact constraint can be satisfied accurately. However, the global system needs to be extended by an additional variable for the Lagrange multiplier. To evade the disadvantages of PM and LMM, the ALM was proposed. However, there are sub-iterations in each calculation step in the ALM, which is its primary deficiency. This paper aims to find the solution to the contact problem in engineering, and the result of PM can fully meet the needs of engineering. In summary, the contact constraint is handled by PM in this paper.
The rest of this article is composed of the following parts. The application of the lowest order VEM for the linear elasticity problem is presented in Section 2 and Section 3 shows the NTS contact model. In Section 4, the numerical examples are given for performances of the VEM in different situations, including the response to mesh quality, the performance of normal contact pressure in Hertzian contact, the influence of varying mesh shapes for the normal contact pressure in the horizontal contact interface and the application of algorithms in engineering. The discussion and concluding remarks are presented in Section 5 and Section 6, respectively.
2 LINEAR ELASTICITY
2.1 The Model
The elastic body is composed of an open domain [image: image]. The Dirichlet boundary and Neumann boundary are represented by [image: image], [image: image]. The displacement field of the elastic body can be represented by [image: image]. The Dirichlet boundary conditions are [image: image]. The linear elastic boundary-value problem can be expressed that discovering [image: image] satisfies the following conditions (Ortiz-Bernardin et al., 2017):
[image: image]
Where [image: image] represents the stress tensor, [image: image] is the body force, [image: image] is the unit normal of boundary, the [image: image] is the external traction. The equivalent Calerkin variational formulation can be expressed that finding [image: image] satisfies the equation
[image: image]
Where [image: image] and [image: image] represent the displacement test and trial space.
2.2 Discrete Bilinear Form
The domain [image: image] is divided into non-overlapping polygonal elements that make up the area [image: image].
The virtual function space is defined to be
[image: image]
Where [image: image] is the local space on the element [image: image] [image: image] sustains some properties (Sutton, 2017).
The basis function of space [image: image] can be expressed as [image: image].
[image: image]
For any [image: image].
[image: image]
Therefore
[image: image]
The basis function of polynomial space [image: image] can be expressed as (Nguyen-Thanh et al., 2018). [image: image] is a subspace of [image: image].
[image: image]
[image: image]
We can define a projection from the virtual function space to the polynomial space [image: image]. The defined projection needs to satisfy the following equation:
[image: image]
[image: image]
The defined vectors form is
[image: image]
[image: image]
Where [image: image] is the constant term projection operator (Sutton, 2017).
2.2 Element Stiffness Matrix
Due to [image: image], The equation can be obtained
[image: image]
Where [image: image] represents the expression of the matrix under the basis function [image: image].
Additionally, on account of [image: image], The equation can be obtained
[image: image]
From the Eq. 2.9, the equation is obtained
[image: image]
The equations of Eq. 2.11 and Eq. 2.10 are brought into Eq. 2.2, and the following equation is obtained
[image: image]
The matrixes of [image: image] and [image: image] are computed as follows
[image: image]
[image: image]
Eq. 2.10 can be written as a matrix expression as
[image: image]
Bring Eq. 2.13 into Eq. 2.12
[image: image]
The element stiffness matrix is (Beirão da Veiga et al., 2014)
[image: image]
The meaning of the Eq. 2.15 can refer to the articles (Chen, 2015; Ortiz-Bernardin et al., 2017).
3 THE CONTACT PROBLEM FOR VEM
3.1 Description of Different Contact Condition
Figure 1 presents a two-dimensional frictionless contact model. For domain [image: image] and [image: image], the possible contact boundaries are [image: image] and [image: image], g represents the contact gap. let [image: image] and [image: image] are the contact force vectors in the contact region.
[image: Figure 1]FIGURE 1 | Contact problem description.
Consider [image: image] and [image: image] are the infinitesimal region where is coming into contact. The virtual work [image: image] done by the contact traction is
[image: image]
In the contact area, every point should satisfy the equilibrium equation
[image: image]
Thus, we could consider the integral in Eq. 3.1 along the contact line [image: image] or [image: image].
[image: image]
3.2 NST Contact Model
In this paper, the NST contact model is employed. A mapping is defined in Figure 2.
[image: Figure 2]FIGURE 2 | NTS contact model.
In the Figure 2, the tangent vector and normal vector of the master element establish a local coordinate system [image: image]. The [image: image] can be written in matrix form as
[image: image]
The [image: image] is
[image: image]
Where [image: image] stands for the length of node [image: image] to [image: image] and [image: image] is coordinates of node [image: image].
The projection node coordinates of node [image: image] is on the surface composed of nodes [image: image] and [image: image] is
[image: image]
The relative displacement from node [image: image] to the corresponding segment could be calculated as
[image: image]
The [image: image] indicates the normal gap, and it can be computed by the following equation
[image: image]
Bring the Eq. 3.5 into Eq. 3.3, The contact integral can be calculated
[image: image]
The [image: image] is replaced by [image: image] and [image: image] is replaced by [image: image]. The contact force [image: image] can be split into
[image: image]
In the frictionless contact problem, the tangential part disappears [image: image]. Thus, the integral of Eq. 3.7 can be written as
[image: image]
3.3 Penalty Method
When the PM is employed for the frictionless contact problem, contact traction [image: image] can be written as
[image: image]
Thus, the Eq. 3.9 can be written as
[image: image]
Using numerical methods to catch the ball nonlinear problems, like contact problems, solved by iterative methods. The method requires the derivatives of the weak form [image: image]. This method is called linearization.
Differentiating Eq. 4–13 with respect to time [image: image], we get
[image: image]
Without considering the rotation of the contact body, the contact matrix is
[image: image]
4 NUMERICAL EXAMPLES
There are three numerical examples to be carried out in this section. In example 1, the cantilever beam with free end applied to bending moment can be employed to study the VEM and FEM mesh distortion tolerance, respectively. The accuracy and convergence of the algorithm are explained by Hertz contact in example 2. The influence of the mesh shape and amount of element is presented in example 2. The application of algorithmic reengineering is shown in example 3. The results of the FEM are obtained by Abaqus.
4.1 Example 1: Cantilever Beam With Free End Imposed to Bending Moment
In this part, the geometry of the cantilever beam with free end imposed to bending moment is presented in Figure 3A. The geometric parameters (Yang et al., 2014), which are [image: image], are applied to computation. In the Figure 3B, two plane strain quadrilateral elements are used to discretize the model. The distortion of the element is expressed by the distortion parameter [image: image] (Zhang and Rajendran, 2008; Remacle et al., 2012; Stavroulakis, 2013), which is always considered in articles that explore the response of calculation method to mesh distortion.
[image: Figure 3]FIGURE 3 | The cantilever beam with imposed to bending moment. (A) Discretion for cantilever beam. (B) Geometric parameters of cantilever beam (Yang et al., 2014).
In this case, the value which is calculated point [image: image] is compared with the exact value which is [image: image] to illustrate the sensitivity of different numerical methods to the quality of the mesh. In Figure 4, the following conclusions can be obtained:
[image: Figure 4]FIGURE 4 | Curve of the ratio of calculated value to real value with twist parameter.
For the twist factor [image: image] is zero, the performance of FEM is better than VEM. With distortion parameters increasing, the accuracy of the FEM decreases faster than the VEM. The result of FEM is equal to VEM when the distortion parameter [image: image] is near 1. When the distortion parameter [image: image] exceeds 1, the accuracy of VEM is superior to that of FEM.
4.2 Example 2: Hertzian Problem
The second simulation is to testify the convergence rate and exactness of the algorithm. The reason for choosing the Hertzian contact as the second numerical example is an analytical solution to the Hertzian contact. The accuracy of the method is illustrated by comparing the computational and analytical solutions.
The model geometry is shown in Figure 5. The disc of the radius [image: image] is loaded by a pressure [image: image]. The [image: image] and [image: image] is selected as material parameters. Rectangular at the bottom of the model is taken as [image: image]. The quadrilateral meshes are used. Because of the model’s symmetry, half of the models are selected for research.
[image: Figure 5]FIGURE 5 | Hertz contact model.
It is known that the penalty factor has an impact on the result. When the number of mesh is 600, the number of iterations and the maximum contact force under different penalty functions are listed in the following Table1. From Table 1, the penalty factor is finally selected as [image: image]. The model is discretized by 1,155 quadrilateral elements, as exhibited in Figure 6A. The contour of normal pressure is exhibited in Figure 6B.
TABLE 1 | The convergence process of penalty function for Hertzian contact.
[image: Table 1][image: Figure 6]FIGURE 6 | The finite mesh and contour of normal stress [image: image] is the normal stress in y-direction.
In Figure 7, the analytical solution, numerical solutions obtained by the VEM and the FEM for contact force are shown, respectively. Some conclusions can be drawn:
[image: Figure 7]FIGURE 7 | The normal contact stress distribution [image: image] along the contact zone.
In the contact region where [image: image] is less than 1.4, the difference between the normal stress obtained by the VEM and the analytical solution is smaller than that obtained by the FEM. The maximum stresses of analytical solution, virtual element method, and FEM are 83.60, 82.21, and 80.57. When [image: image] is more significant than 1.4, The curve of the VEM coincides with the FEM.
In practical problems, we are more concerned about the maximum normal contact traction. The contact stress with 389, 600, and 1,155 meshes are shown in Figure 8. There are some conclusions reached from Figure 9.
1) When the same mesh discretizes the structure, the maximum stress from the VEM is closer to the analytical solution.
2) The convergence rate of the VEM is higher than FEM for the number of the element from 389 to 600.
3) As the number of mesh elements increased from 600 to 1,155, the convergence rate of the VEM was the same as the FEM.
[image: Figure 8]FIGURE 8 | Maximum normal contact stress under different numbers of elements.
[image: Figure 9]FIGURE 9 | Model geometry with straight lines in the contact interface.
4.3 Example 3: A Horizontal Interface Under Uniform Compression
The third numerical model has been researched by Hirmand (Hirmand et al., 2015). This example is to compare the influence of different mesh shapes and the number of elements for contact stress. The geometry is shown in Figure 9. A displacement loads the upper rectangle in the y-direction [image: image]. The displacements of the bottom of the model are both fixed. The Young’s modulus is [image: image]. The Poisson’s ratio is [image: image].
The advantage of VEM is to it calculates arbitrary mesh shapes. The Voronoi mesh (Talischi et al., 2012) is used to discrete the model. The normal stress along the contact interface of the different shape mesh with Hirmand is shown in Figure 10A. From Figure 10A, it can be concluded that the maximum normal contact stress is basically the same, with slight differences at both ends. Therefore, it can be noticed that the normal contact stress is slightly affected by the mesh shape. In this example, the influence of the different amounts of elements for the normal contact stress is studied. The 50, 100, 200, 300, and 500 Voronoi elements are employed to discrete the model. In Figure 10B, mesh 1, mesh 2, mesh 3, mesh 4, and mesh 5 correspond to 50, 100, 200, 300, and 500 Voronoi elements. Figure 10B presents the normal contact stress for different number elements. The following conclusions are obtained from Figure 10B: When the number of elements is 200, 300, and 500, the normal contact stress curves remain coincident.
[image: Figure 10]FIGURE 10 | The distribution of normal contact traction in horizontal contact interface. (A) The distribution of normal contact traction for different mesh shapes. (B) The distribution of normal contact traction for different number element.
Figure 11A shows the contour of vertical displacement obtained by VEM under the Voronoi mesh. The simulation of Hirmand under quadrilateral mesh is presented in Figure 11B. It is noted that the curve for VEM is in line with the results shown by Hirmand. The contours of the normal stress [image: image] is shown in Figure 11C.
[image: Figure 11]FIGURE 11 | Contours of displacement and pressure for the [image: image] direction (Uy is the displacement in y-direction and σyy is the stress in y-direction).
4.4 Example 4: Dam With Joint
This numerical example simulates a dam problem with a cracked foundation. This example is shown in Zheng (Zheng et al., 2002) in the 2005 year. The geometric model is exhibited in Figure 12A. The model size parameters are [image: image], [image: image], [image: image], [image: image], [image: image]. The Young’s modulus [image: image] and Poisson’s ratio [image: image] are the material parameters for this model. The [image: image] is taken as volumetric weight. The displacements of the bottom left and right of the foundation are fixed. The coordinates of the joint tip are from (4,10) to (10,4). The joint end is fixed and will not propagate, and there is no friction at the crack interface.
[image: Figure 12]FIGURE 12 | The geometric parameters and Voronoi mesh for dam with joint. (A) Dam geometry with jointed foundation. (B) Voronoi mesh for dam with jointed foundation.
The stress situation is analyzed using two load steps. The first load step only considers the self-weight of the dam body and foundation; the second load step applies a triangularly distributed normal water pressure to the surface of the dam body to simulate the condition of the reservoir after it is full of water. The Voronoi mesh was used to discretize the model. The Voronoi mesh is presented in Figure 12B. The displacement contour along the [image: image]-direction is demonstrated in Figure 13A, and the displacement contour in [image: image]-direction is shown in Figure 13B. From Figures 13A,B, it is noted that the displacement contours are discontinuous at the joint. The maximum and minimum principal stress contours are presented in Figure 14. As expected, the maximum stress occurs at the joint tip. The phenomenon is consistent with Li’s research (Li et al., 2022). In their studies, the strategy derived from the meshless numerical manifold method (MNMM) is employed by Li to solve linear elastic fractures.
[image: Figure 13]FIGURE 13 | The contours of displacement in [image: image] and [image: image] directions (Ux and Uy are the displacement in displacement in x and y direction, respectively).
[image: Figure 14]FIGURE 14 | The contours of maximum principal stress [image: image] is the maximum principal stress and minimum principal stress) [image: image] is the minimum principal stress).
5 DISCUSSION
In Example 1, when the distortion parameter is 0, the result of the FEM is more accurate than the VEM. The reason is that the function in the virtual element space satisfies the globally continuous on the element boundary. When the distortion parameter gradually increases, the downward trend of the resulting curve of the VEM is slower than that of the FEM. When the element distortion parameter exceeds a certain value, the result of the VEM is more accurate than the FEM. The result of VEM calculation is less affected by mesh quality.
In Figure 7 of example 2, the result of the VEM is better than the FEM in the contact region where [image: image] is less than 1.4 because the discrete element size is small, which makes the element more twisted. And in the contact region where [image: image] is more significant than 1.4, the main reason is that discrete element size is relatively large, so the element distortion is minor.
Under the 389 elements in Figure 8 of example 2, the main reason for the similar maximum normal stress of the VEM and the FEM is that the element distortion parameter is small. When the number of elements increases, the corresponding element size becomes smaller, the distortion increases, and the advantages of the VEM become more obvious. When the number of elements is 600, the difference between the VEM and the FEM results is greater than the difference between the VEM and the FEM when the amount of elements is 389. When the amount of elements is 1,155, the difference between the outcomes of the VEM and FEM is close to the difference between the outcomes of the amount of elements 600. On the whole, the better convergence and accuracy of the VEM in Hertz contact lies in the VEM is suitable for general polygons or polyhedrons, which is used flexibly for discrete complex contact surfaces (Beirão Da Veiga et al., 2013; Chen, 2015; Benedetto et al., 2016).
From example 1 and example 2, it can be known that the distortion of the element greatly influences the results. In example 3, normal contact stress in the contact interface is the same under different mesh shapes. The main reason is that the VEM test and trial space do not need to be accurately calculated, avoiding mesh dependence, and the contact interface is straight.
In example 4, a dam with cracks under Voronoi mesh was modeled. As expected, the maximum stress occurs at the joint tip in example 4, so the joint is an important cause affecting safety in engineering. So, the joint the focus of the study. Through example 4, it can be obtained that the NST contact model based on the virtual element method can solve engineering problems well under the Voronoi mesh.
6 CONCLUSION
A strategy to handle the contact problem is proposed in this paper, which is stemmed from the NTS model and the VEM. The effect of mesh distortion for results, the accuracy and convergence rate for Hertz contact, the impact of different mesh shapes and different elements numbers for results and the application of algorithms in engineering are implemented by several numerical examples. The results show that:
1) The VEM is insensitive to the mesh quality.
2) When the mesh on the contact interface is distorted, The VEM has high convergence and accuracy.
3) When contact problem is handled by VEM, the normal contact stress on the contact surface is slightly affected by the mesh shape.
4) The results in the fourth example show that the VEM can solve the contact problem in engineering under Voronoi mesh
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The number of joints existing in the rock affects the elastic modulus of the rock, and the relationship has not been obtained. In this paper, 10 numerical models are established by numerical simulations to study the effect of the number of parallel joints on the size effect of rock elastic modulus. The research shows that there is a power function relationship between the elastic modulus and the number of parallel joints, and a negative exponential relationship between the elastic modulus and the rock size, and their special mathematical models are given. The paper also obtains special form of the relationships between the characteristic size of rock elastic modulus, the characteristic elastic modulus and the number of parallel joints.
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1 INTRODUCTION
Parallel-joints (PJs) are widespread in rock masses and influence the strength and deformation characteristics of rocks. The elastic modulus of rock reflects the deformability of the rock (Yang et al., 2016). The elastic modulus has size effect. Therefore, studying the influence of PJs on rock deformation capacity and size effect is of great important for rock engineering design (Wu et al., 2020).
Elastic modulus is an important mechanical parameter of rock. Scholars have studied the influence of different joint parameters on the elastic modulus. For example, Chen et al. (2019) studied the influence of confining pressure on the elastic modulus of coal by conducting triaxial compression tests on coal. Liu et al. (2021) studied the influence of joint angle on rock elastic modulus by uniaxial compression test too and obtained that the elastic modulus gradually increases with the increase of joint angle. Yu et al. (2020) conducted a uniaxial compression test on siltstone samples and found that the elastic modulus is positively correlated with the crack inclination angle. Scholars have studied the influence of two or more joint parameters on the elastic modulus. For example, Liu et al. (2020) conducted uniaxial compression tests on five types of rough jointed rocks, and studied the influence of joint angle and joint length on the elastic modulus. Wang et al. (2020a) used triaxial compression test to analyze the influence of joint angle and confining pressure on the elastic modulus of rock mass. It is obtained that the elastic modulus changes in a “U” shape with the increase of the joint angle. Lin et al. (2020) studied the affect of joint angle and spacing on elastic modulus. Huang et al. (2019) used a combination of uniaxial compression test and DEM to study the influence of joint angle, joint spacing, joint length, and rock bridge length on the elastic modulus. The joint angle has the greatest impact.
As a key parameter of jointed rock, the number of parallel-joints (NPJs) also has influence on elastic modulus (Wu et al., 2022). For example, Wang et al. (2019) found that the elastic modulus decreases as NPJs increases by studied the influence of NPJs on elastic modulus. Zhao et al. (2020) used DEM to study the influence of joint density on the elastic modulus. Peng et al. (2019), Zhang et al. (2017) used Particle Flow Code (PFC) to study the influence of joint density on the elastic modulus, and found that the elastic modulus decreases with the increase of joint density. Wang et al. (2017) studied the change of elastic modulus under the combination of joint density and angle, and obtained that the elastic modulus changes in a “V” shape with the increase of joint density. Shu et al. (2019) studied the influence of joint inclination, spacing, intersection angle, and density on the elastic modulus of rock mass based on DEM. Among them, the joint density has the greatest influence on the elastic modulus. The joint parameters involved in the above studies are joint angle, length, spacing, and numbers, etc., but rarely involve the influence of size changes on the elastic modulus.
Elastic modulus reflects the deformation characteristics of the rock (Yang et al., 2021), and the elastic modulus has a size effect. For example, Liu et al. (2019a), Han et al. (2019) used PFC to study the influence of rock-size on the elastic modulus and found that the elastic modulus has size effect. Zhang et al. (2020) studied the influence of different height-diameter ratios on the mechanical properties of rocks by using PFC2D, and found that the elastic modulus increases with the increase of the height-diameter ratio. Scholars have studied the size effect of rock elastic modulus by establishing different material models. Wang et al. (2020b) used Synthetic Rock Mass to study the influence of specimen size on the elastic modulus of jointed rock mass, and found that the elastic modulus of rock mass has size effect. Liu et al. (2019b) established a coal-rock assembly with different height-ratios by using PFC, and obtained that the elastic modulus increased with the increase of height-ratios. The above studies on the size effect of rock elastic modulus mostly use numerical simulation. In recent years, with the innovation of numerical methods, the use of numerical simulation to study the mechanical properties of jointed rocks has become a popular trend. There are many types of numerical simulation software, among which a new numerical code–Realistic Failure Process Analysis (RFPA) developed by Tang (1997). RFPA has a good effect in simulating the strength and deformation of rock materials in geomechanically problems. Sun et al. (2019) obtained a positive correlation between elastic modulus and gravel size using RFPA. size effect of rock elastic modulus is obtained to solve engineering problems by finding the functional expression of rock elastic modulus and rock-size. For example, Zhang et al. (2019) established different mineral size models by using the DEM, and obtained a fourth-order polynomial relationship between the rock elastic modulus and the model radius. Dai et al. (2020) found that the relationship between the elastic modulus and the slenderness ratio accords with a logarithmic function using uniaxial compression tests. Ma et al. (2021) used PFC to simulate the uniaxial compression of coal and rock composite samples with different height-ratios, and obtained that the elastic modulus has an exponential relationship with the height-ratios of coal-rock. The above studies have obtained the functional formula of rock elastic modulus and rock-size from a quantitative perspective. The size effect of elastic modulus is obtained more accurately. But studies seldom involved the influence of NPJs on the elastic modulus.
The elastic modulus changes with the size of the jointed rock, and eventually tends to a stable value, which is defined as representative elementary volume (REV) (Bear, 1972). Scholars have studied the characteristic-size of rocks. Ying et al. (2018) found a calculation method of rock mass REV. Peng et al. (2020) used PFC to conduct numerical experiments on multi-scale rocks and analyzed the scale effect of rocks and found that the REV is 16 m × 16 m × 16 m. Scholars have studied the characteristic-size of elastic modulus (CSEM). Loyola et al. (2021) evaluated the REV of the elastic modulus of fractured rocks. Liang et al. (2019) obtained the CSEM of the jointed rock mass to be 14 m × 14 m. With the deepening of research, scholars have studied the characteristic elastic modulus (CEM) of rock based on the CSEM. For example, Cui et al. (2020) took the schist of the Danba Hydropower Project as an example, and the elastic modulus at the REV scale was about 6.8 GPa. Although scholars have done a lot of research on the CSEM and CEM, they rarely study the relationship between the CSEM and PJs from a quantitative perspective. Mathematical models of CSEM and NPJs are rerely established by scholars.
This paper sets up 10 simulation programs by using numerical simulations and RFPA. The influence of NPJs and rock-size on the elastic modulus is studied. The stress-strain curves of different NPJs and sizes of rock are analyzed. A mathematical model of the elastic modulus and NPJs and a mathematical model of the elastic modulus and rock-size are established. A mathematical model of the CSEM and NPJs and a mathematical model of rock CEM and NPJs are established.
2 ESTABLISHMENT OF NUMERICAL MODEL
2.1 Simulation Program and Model Establishment
This numerical simulation contained two parts (ⅰ) The influence of the NPJs on elastic modulus, including Program 6 to Program 10 (ⅱ) The influence of rock size with PJs on elastic modulus, including Program 1 to Program 5. The numerical simulation programs are given in Table 1.
TABLE 1 | Number of parallel-joints and rock-size combination.
[image: Table 1]The angle of parallel joints in rocks may be arbitrary, therefore, this paper sets up a set of verification program to verify the accuracy of the research content. The number of parallel joints in this verification program is 2, and the angle of parallel joints is 45°.
2.2 Boundary Conditions and Rock Joint Parameters
2.2.1 Boundary Conditions and Loading Methods
The software used in this study is RFPA, which is a numerical calculation method for simulating inhomogeneous materials developed based on finite-element theory and statistical damage theory (Hu and Ma, 2021).
This study adopted uniaxial compression deformation theory and the plane stress model (Hu and Ma, 2021). The constraint conditions were that the load was not borne by the two sides of the model but by its upper surfaces, the displacement loading method was adopted for numerical simulation, the displacement loading on both sides of the model was zero, and that on its upper and lower surfaces was 0.01 mm (Hu and Ma, 2021).
2.2.2 Rock Mechanical Parameters and Joint Parameters
The rock mechanics parameters used in the article are selected from literature (Hu and Ma, 2021). The elastic modulus of the joint used in the numerical simulation was 1.1 MPa, Poisson’s ratio was 0.3, compressive strength was 1.5 MPa, friction angle was 30°, and JRC value was 2.
2.3 Research on the Influence of the Number of Parallel-Joints on the Rock Elastic Modulus
According to the numerical simulation program and results of research content (ⅰ): the influence of the NPJs on elastic modulus, the stress–strain variation law of rock with different NPJs was analyzed. A fitting method for the relationship between the elastic modulus and NPJs was proposed. A mathematical model of elastic modulus and NPJs was established.
2.3.1 Analysis of Rock Stress–Strain Curve With Different Numbers of Parallel-Joints
The stress-strain curve rules in program 1 to 5 were output in Figure 1. And according to Figure 1, the elastic modulus under each working condition was solved in Table 2.
[image: Figure 1]FIGURE 1 | Stress–strain curves with different numbers of parallel-joint. (A) l = 100 mm, (B) l = 200 mm, (C) l = 400 mm, (D) l = 600 mm, (E) l = 800 mm.
TABLE 2 | Elastic modulus of rock with different numbers of parallel-joints.
[image: Table 2]Figure 1 shows that the laws of stress-strain curves are similar when NPJs is different. All obey the following laws: with the increase of strain, the stress gradually increases, and the rock changes from elastic deformation to plastic failure.
Taking Figure 1A as an example to analyze the effect of NPJs on the elastic modulus. With the increase of NPJs, the elastic modulus gradually decreased from 2.745 to 0.591 GPa. It shows that the elastic modulus is affected by the NPJs. Similarly, the same law can still be obtained when the rock size is increased.
Taking program 6 in Table 2 as an example to analyze the effect of rock size on elastic modulus. With the increase of rock size, the elastic modulus gradually decreased from 2.745 to 0.337 Gpa. This phenomenon shows that elastic modulus is affected by rock size. From program 7 to Program 10 also obey the same law, indicating that the elastic modulus of the rock with NPJs has a size effect.
In short, the elastic modulus of the rock with joints decreases with the increase of NPJs, and decreases with the increase of the size of the rock.
2.3.2 Fitting Method for Relationship Between Rock Elastic Modulus and the Number of Parallel-Joints
The stress-strain curve of rock under different NPJs is a macroscopic manifestation of the rock failure process, which can reflect the changing trend of the rock at various stages. However, the relationship between NPJs and the elastic modulus cannot be analyzed quantitatively. Therefore, From the stress-strain curve, it becomes particularly important to obtain the relationship between the elastic modulus and NPJs.
According to the data in Table 2, the fitting curve of the elastic modulus of rocks with different NPJs was drawn, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Fitting curves of rock elastic modulus with different number of parallel-joint.
Figure 2 shows that when the rock size is the same, as NPJs increases, the elastic modulus gradually decreases. Rocks of different sizes have the same changing law. However, under the same NPJs, the elastic modulus decreases with the increase of the rock-size, and the curve shows a downward movement trend. It shows that the elastic modulus with joints is negatively correlated with the NPJs and the rock-size.
The relationship between the elastic modulus of different sizes of rocks and NPJs in Figure 2 is regressed in Eqs 1–5. Among them, Eqs 1–5 are the regression functions for rock sizes of 100, 200, 300, 400, and 500 mm, respectively, and the fitting coefficients are 0.998, 0.997, 0.993, 0.963, and 0.991.
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Analyzing the fitting formula, the elastic modulus fits well with the NPJs. It can provide a method for quantitative analysis of NPJs and the elastic modulus for engineering practice.
2.3.3 Relationship Between Rock Elastic Modulus and Number of Parallel-Joints
According to the fitting formula, the mathematical model for elastic modulus and NPJs is proposed as:
[image: image]
where E(n) [GPa] is the elastic modulus when the NPJs is n, n is the NPJs, and a, b are parameters.
According to the formula, the values of parameters a and b are found in Table 3. The fitting curves of parameters a and b and rock size are drawn, as shown in Figure 3.
TABLE 3 | Value of parameters a and b of different rock-size.
[image: Table 3][image: Figure 3]FIGURE 3 | Fitting curve diagram of parameter. (A) parameter a, (B) parameter b.
From Figure 3, the following formulas for the relationship between a and b and rock size can be obtained.
[image: image]
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From Eqs 6–8, a special relational formula for elastic modulus can be obtained as:
[image: image]
where E(n) [GPa] is the elastic modulus when the NPJs is n, n is the NPJs, and l [mm] is the rock-size.
Eq 9 is a special formula about the elastic modulus and NPJs, which can quantitatively analyze the elastic modulus of rock.
2.4 Research on the Influence of Rock-Size on Rock Elastic Modulus
According to the numerical simulation program and results of research content (ⅱ) the influence of rock size with PJs on elastic modulus, the stress–strain variation law of rock under different rock-size was analyzed. A fitting method for the relationship between the elastic modulus and rock-size was proposed. The mathematical model between elastic modulus and rock-size was established.
2.4.1 Analysis of Rock Stress–Strain Curve With Different Rock-Sizes
The stress-strain curve rules in program 6 to 10 were output in Figure 4. And according to Figure 4, the elastic modulus under each working condition was solved in Table 1.
[image: Figure 4]FIGURE 4 | Stress–strain curves of different rock-sizes. (A) n = 2, (B) n = 4, (C) n = 6, (D) n = 8, (E) n = 10.
Figure 4 shows that the laws of stress-strain curves are similar when the rock size is different. All obey the following laws: with the increase of strain, the stress gradually increases, and the rock changes from elastic deformation to plastic failure. The destruction of rocks is a gradual process. Firstly, compaction occurs inside the rock under the action of external load. Secondly, the rock strength reaches its peak and fluctuates around the peak strength. Finally, the rock reaches macroscopic destruction.
Taking Figure 4A as an example to analyze the effect of rock size on elastic modulus. With the increase of rock size, the elastic modulus gradually decreased from 2.745 to 0.337 GPa. It shows that the elastic modulus is affected by rock size. Similarly, the same law can still be obtained when the NPJs is increased.
Taking program 1 in Table 1 as an example to analyze the effect of NPJs on elastic modulus. With the increase of NPJs, the elastic modulus gradually decreased from 2.745 to 0.591 Gpa. This phenomenon shows that elastic modulus is affected by NPJs. From program 2 to 5 also have the same law, indicating that the NPJs has an important influence on the elastic modulus.
In short, the elastic modulus with joints decreases with the increase of NPJs, and decreases with the increase of the size of the rock.
2.4.2 Fitting Method for Relationship Between Rock Elastic Modulus and Rock-Size
According to the data in Table 1, the fitting curve of the elastic modulus of rocks with different rock sizes was drawn, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Fitting curve of elastic modulus of rock under different rock-size.
Figure 5 shows that when NPJs is the same, as the rock size increases, the elastic modulus gradually decreases. Rocks with different NPJs have the same variation law. The variation law of elastic modulus with different sizes is the same. However, with different NPJs, the elastic modulus decreases at different rates. It shows that the elastic modulus is not only related to the size of the rock, but also related to the NPJs. That is to say, the elastic modulus with different NPJs has size effect.
Numerical simulation was performed on rocks with NPJs of 4, 6, 8, and 10, respectively under the same conditions, and the fitting relationships between the elastic modulus and the rock-size were obtained as follows. Among them, Eqs 10–14 are the regression functions for NPJs of 2, 4, 6, 8, and 10, respectively, and the fitting coefficients are 0.995, 0.991, 0.996, 0.996, and 0.996.
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Analyzing the fitting formula, the relationships between the elastic modulus and the rock-size fit well, showing a negative exponential function relationship. It can provide a way to quantitative analyze the elastic modulus and rock-size for engineering practice.
2.4.3 Relationship Between Elastic Modulus of Rock and Parallel-Jointed Rock-Size
According to the fitting formula, the fitting curve of the elastic modulus versus different sizes is proposed:
[image: image]
where E(l) [GPa] is the elastic modulus when the rock-size is l, l [mm] is the rock size, and d, f, and g are undetermined parameters.
According to the formula, the values of parameters d, f and g are found in Table 4. The fitting curves of parameters d, f and g and rock size are drawn, as shown in Figure 6.
TABLE 4 | Values of parameters d, f, and g of different number of parallel-joints.
[image: Table 4][image: Figure 6]FIGURE 6 | Fitting curve diagram of parameter. (A) parameter d, (B) parameter f, (C) parameter g.
From Figure 6, the following formulas for the relationship between d, f, and g and NPJs can be obtained.
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From Eqs 15–18, a special relational formula for elastic modulus can be obtained as:
[image: image]
where E(l) [GPa] is the elastic modulus when the rock-size is l, n is the NPJs, and l [mm] is the rock-size.
Eq 19 is a special formula about the elastic modulus and rock size, which can quantitatively analyze the elastic modulus.
2.5 Established Relationship of Characteristic-Size of Elastic Modulus, Characteristic Elastic Modulus and Number of Parallel-Joints
Usually, the characteristic-size is used to quantitatively analyze the size effect of rock. The elastic modulus has size effect. Therefore, the size effect of the elastic modulus can be characterized by the CSEM. It is of great meaningful to analyze the influence of NPJs on the CSEM.
2.5.1 Derived Formula of Characteristic-Size of Elastic Modulus
The size effect of the elastic modulus can be characterized by the CSEM. The quantitative calculation of characteristic-size is given a minute description in the literature (Ling et al., 2013). The formula to solve the characteristic-size is as follows:
[image: image]
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where k and γ are the slope value, f and g are undetermined parameters.
2.5.2 Relationship Between Characteristic-Size of Elastic Modulus and Number of Parallel-Joints
When the NPJs was 2, 4, 6, 8, and 10, the CSEM were calculated as summarized in Table 5. According to the data in Table 5, the fitting curve of the CSEM and NPJs is regressed, as shown in Figure 7A.
TABLE 5 | Relationship between characteristic-size of elastic modulus and number of parallel-joints.
[image: Table 5][image: Figure 7]FIGURE 7 | Fitting curve. (A) characteristic-size of elastic modulus, (B) characteristic elastic modulus.
The slope of the curve in Figure 7A is negative, indicating that the CSEM gradually decreases with the increase of NPJs. They are linearly related, and the function type conforms to a linear functional relationship. Therefore, the following special relation is obtained:
[image: image]
where L(n) [mm] is the CSEM, n is the NPJs.
Eq 23 can be used to describe the mathematical relationship between the CSEM and NPJs, and can be extended to similar rocks with parallel joints.
2.5.3 Relationship Between the Characteristic-Elastic-Modulus of Rock and the Number of Parallel-Joints
Substituting the value of the CSEM into Eq 15, the CEM of the rock when the NPJs was 2,4, 6, 8, 10 was obtained in Table 5. According to the data in Table 5, the fitting curve of the CEM and NPJs is regressed, as shown in Figure 7B.
Figure 7B shows that with the increase of NPJs, the CEM gradually decreases. They are in a power function relationship. Therefore, the following special relation is obtained:
[image: image]
where Ew(n) [GPa] is the CEM of rock, n is the NPJs.
Eq 24 can be used to describe the mathematical relationship between the CEM and NPJs, and the fitting coefficient R2 = 0.983. It can be extended to similar rocks with parallel joints.
2.6 Verification Analysis of Research Content (ⅱ)
To verify the correctness and general applicability of Eq 15 obtained in research content (ⅱ), a new set of numerical simulations with two parallel joints with an angle of 45° was added for verification. According to the numerical simulations, the stress-strain curves of different rock sizes were drawn, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | The stress-strain curve of different rock sizes.
According to the slope of the stress-strain curves in Figure 8, the elastic modulus of rocks with different sizes are calculated in Table 6. The functional relationship between elastic modulus and rock size was found from the data in Table 6, and their fitting curves were drawn, as shown in Figure 9.
TABLE 6 | Elastic modulus of different rock sizes at joint angles of 45°.
[image: Table 6][image: Figure 9]FIGURE 9 | Fitting curve of elastic modulus with different rock sizes.
Figure 9 shows the relationship between elastic modulus and rock size when the parallel joint angle is 45°:
[image: image]
Both the function type of Eq. 25 and the mathematical model proposed in Eq 15 conform to the negative exponential function relationship. Therefore, it is proved that Eq 15 is still applicable when the angle of the parallel joint changes. The verification shows that the mathematical model proposed in Eq 15 is suitable to the elastic modulus of rocks with parallel joints of arbitrary angles.
3 DISCUSSION
The NPJs has an influence on the size effect of elastic modulus, but the relationship is yet to be obtained. This study established the following four relationships: 1) elastic modulus and NPJs; 2) elastic modulus and rock size; 3) CSEM and NPJs; 4) CEM and NPJs.
3.1 Relationship Between Elastic Modulus and NPJs
The establishment of this relationship is to first establish the general formula of the relationship between elastic modulus and NPJs by analyzing the influence of the change of the NPJs on elastic modulus. Then combined with the change of rock size, the solution method of the parameters in the general formula is given, and the specific relational formula is obtained. In the existing research, few scholars have discussed the effect of NPJs on elastic modulus, and rarely considered the effect of the change of rock size on the elastic modulus with PJs.
3.2 Relationship Between Elastic Modulus and Rock Size
The establishment of this relationship is to first establish the general formula of the relationship between elastic modulus and rock size by analyzing the influence of the change of the rock size on elastic modulus. Then combined with the change of NPJs, the solution method of the parameters in the general formula is given, and the specific relational formula is obtained. In the existing research, few scholars have discussed the size effect of rock with PJs on elastic modulus, and rarely considered the influence of the change of NPJs on the size effect of elastic modulus.
3.3 Relationship Between CSEM, CEM and NPJs
The establishment of these two relationships is based on the relationship (1). In the existing research, scholars rarely have carried out the research on the relationship between the CSEM, CEM and NPJs.
The establishment of these four relationships in this study reveals the law of size effect of rocks with NPJs, which has important engineering application value.
4 CONCLUSION
In this paper, numerical simulation is used to study the size effect of NPJs on elastic modulus, and the following conclusions are obtained:
1) The relationship between the elastic modulus and NPJs conforms to a linear function relationship, and the general formula of their relationship is as follows:
[image: image]
Further, we find that the parameters a and b are affected by the size of the rock. Through regression analysis, we obtain a special relationship:
[image: image]
2) The relationship between the elastic modulus and rock size conforms to a negative exponential relationship, and the general formula of their relationship is as follows:
[image: image]
Further, we find that the parameters d, f, and g are affected by the NPJs. Through regression analysis, we obtain a special relationship:
[image: image]
3) We find that the CSEM is linearly related to the NPJs, and our simulation gives the following special form:
[image: image]
4) We find that the relationship between the CEM and NPJs is linear, and our simulation gives the following special form:
[image: image]
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The stability of section coal pillars is one of the most important factors affecting the stability of coal rock systems in the stope and roadway. This study aimed to develop an artificial intelligence methodology to predict and evaluate coal pillar stability. Data from 125 published coal pillar historical cases were collected to build a sample dataset. Meanwhile, a mean impact value-genetic algorithm-back propagation neural network (MIV-GA-BP) fusion model was established to predict the stability of section coal pillars. MIV tests indicated that the main factors influencing coal pillar stability are (in order of decreasing importance): the coal seam buried depth > coal seam thickness > working face length > coal elastic modulus > cohesion > tensile strength > internal friction angle > Poisson’s ratio > volume weight > coal seam dip angle. The relative weights of mine design parameters are generally greater than those of the physical and mechanical parameters of coal and rock mass. After the BP model was optimized by GA, the relative error, R value, and mean squared error were 5%, 0.95, and 0.13, respectively. These results confirm that the machine learning model has significant potential for improving coal pillar stability evaluations. The developed prediction model was applied to two field cases to verify its effectiveness, and the results indicated that the innovative method can be extended for use in similar geological conditions or other mining and geaological engineering fields.
Keywords: underground mining, coal pillar stability, data mining, artificial intelligence, pre-control technique
1 INTRODUCTION
In the context of long-term and large-scale underground mining in Chinese coal mines, the goaf represents one of the critical factors influencing the safety of mine production. Coal pillars are the main structural units contributing to the stability of a goaf, and therefore, it is crucial to evaluate the stability of coal pillars to enable efficient and safe mining in underground mines.
In recent decades, scholars have adopted various methods to understand and predict the stability of coal mine pillars. Empirical methods are usually based on an empirical formula that is used to estimate the strength of each coal pillar (Hustrulid, 1976; Jawed et al., 2013; Lai et al., 2020). Because it is difficult to determine the actual stress on an underground mine, the safety factor (FS) of the coal pillar (i.e., the ratio of its average strength to average stress) is computed to evaluate its stability (Deng et al., 2003). In general, FS > 1.0 is stable, whereas FS < 1.0 is unstable (Zhou et al., 2011; Wattimena, 2014; Zhou et al., 2022).
Numerical simulation technology has gradually been applied for coal pillar stability analysis. Deng et al. combined Monte Carlo and FLAC (Fast Lagrangian Analysis of Continua) methods to analyze the stability of coal pillars. Mortazavi et al. (2009) used UDEC (Universal Distinct Element Code) software to evaluate the influence of a pillar’s geometry and mechanical parameters on its deformation and failure. These studies have significantly improved our understanding regarding the stability of coal pillars; however, because of the numerous influencing factors, these two methods have difficulty considering the impact of uncertainty, and the limit of the safety factor is not clear.
With recent advances in data mining technology, intelligent evaluation models have been successfully applied in the field of mining engineering, which constitutes a key development direction for the future of coal mining. For example, Deng et al. (2002) used an improved finite element Monte Carlo method to analyze the reliability of point pillars in metal mines. Zhao et al. (2003) and Luo et al. (2007) evaluated the stability of coal pillars based on dynamic fuzzy reliability. Cauvin et al. (2009) combined the Monte Carlo and safety factor methods to analyze the stability of coal pillars Monjezi et al. (2011). used a neural network algorithm to predict coal pillar stress to guide coal pillar design strategies Idris et al. (2015). combined the Monte Carlo method, neural networks, and FLAC3D (Universal Distinct Element Code 3D) to analyze the stability of coal pillars during excavation. Wattimena et al. (2013) used multiple logistic regression model to predict the stability of 89 hard rock coal pillars. Zhou et al. (2015) compared the performance of six supervised learning algorithms [i.e., linear discriminant analysis (LDA), polynomial logic regression (MLR), random forest (RF), artificial neural network (ANN), support vector machine (SVM), and gradient hoist (GBM)] for coal pillar stability identification based on 251 examples of hard rock coal pillars; they determined that the SVM and RF algorithms showed superior performance. Ghasemi et al. (2010) used Monte Carlo simulations to study the influence of various parameters (e.g., uniaxial compressive strength of coal sample, width of coal pillar, height of coal pillar, width of entrance, and depth of covering) on the FS of coal pillars. Zhou et al. (2011) proposed two models for predicting the stability of coal pillars by employing support vector machine and Fisher discriminant analysis. However, the evaluation indicators of each of the described models are different, and anomaly detection is particularly important in high-dimensional data analysis. Thus, it is necessary to develop a reasonable and effective input parameter database and an intelligent model to evaluate the stability of coal pillars in Chinese mines.
Considering the limitations of the aforementioned models, the main contributions of the present study can be summarized as follows: 1) an energy conservation model of the longwall stope is introduced to identify the factors influencing coal pillar stability; 2) 125 historical cases of coal pillars in China are collected, and a large dataset comprising Chinese coal pillar information is compiled following anomaly detection and treatment; 3) the mean impact value (MIV) is used to evaluate the sensitivity of variables, and a genetic algorithm (GA) and back-propagation (BP) neural network fusion model is established to verify the prediction performance; 4) two field cases are discussed to evaluate the model’s prediction performance for coal pillar stability analysis.
2 FACTORS INFLUENCING COAL PILLAR STABILITY DURING LONGWALL MINING
Longwall mining induces the fracture of coal and rock mass. The phenomena of energy storage, energy consumption, and energy distribution co-exist during this process, which can be regarded as a gradual failure caused by energy transfer. As shown in Supplementary Figure S1, as the coal seam is mined out, the energy inside the system reaches an equilibrium state, resulting in the generation of an excavation disturbed zone (EDZ) (Lai et al., 2006), and the coal pillar is the main structural unit affecting the stability of the EDZ.
As shown in Supplementary Figure S2, the longwall stope and surrounding rock are regarded as a system wherein the balance between their energy components should be maintained. During the mining process of the working face, the back rock layer is allowed to collapse at a certain distance; the released energy increases the strain of the roof rock stratum, which causes the roof rock to fracture and cave, thus relieving the pressure and producing an area with a certain height above the stope, namely, the EDZ. The energy conservation model of the longwall stope was established by Rezaei et al. (2015). The total stress is determined according to the difference between the weight of overburden rock and the weight of the failure area. Then, the vertical component of the mining stress is determined by calculating the reciprocal angle of the strata collapse. Finally, the stress concentration coefficient of the coal pillar can be calculated according to the vertical component of the mining stress, which can guide the flow of the coal pillar stability analysis, as shown in Supplementary Figure S3.
The total strain energy consumption is stored in the mined coal body during roof rock fracture, caving, and pressure relief. Therefore, the strain energy in the mined coal body should be equal to that in the collapsed material in the failure area, as expressed in Eq. 1,
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where Um is the strain energy in the EDZ, and Ud is the strain energy in the EDZ.
Rezaei et al. (2015) derived the formulas for calculating the stored strain energy in the coal seam, and the final equations for calculating the total energy storage of the coal seam are shown in Eqs 2, 3,
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where v is the Poisson ratio of the rock mass; γ is the volume density of the overlying strata (N/m3); hs is the height of the coal seam; Lw is the height of the working face; Am is the cross-sectional area of the coal seam (such that Am = Lw × hs); σv is the vertical stress; H is the buried depth of the coal seam; and E is the elastic modulus of the coal seam. In general, in the failure zone (Ud), the storage strain energy of the material consists of elastic strain energy (UE) and viscoplastic strain energy (Uv). Here, Ad is the unit surface of the goaf (such that Ad = Lw × 1 m); σc is the uniaxial compressive strength of the goaf material; b is the expansion coefficient; σs is the stress threshold; B is the material constant related to viscosity and temperature; t is the pressure time of the goaf material; λ is the slope of the material hardening stage; and ω, a, and μ1 are material constants.
By substituting Eqs 2, 3 into Eq. 1, the EDZ height (Hd) under long-term conditions can be obtained using:
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The vertical component of the mining stress (σa(v)) and the stress concentration coefficient (K) of the load transferred to the roadway and coal pillar can then be obtained, as shown in Eqs 5, 6, respectively:
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These values enable the design of roadway supports and coal pillar stability analysis. The load of the overlying strata is transferred to the coal pillar through the suspended roof, which reveals different levels of integrity in different sections of the coal pillar (i.e., a crushing zone, a plastic zone, and an elastic zone).
Hou and Ma (1989) proposed a method for calculating the width of the stress limit equilibrium zone, as expressed in Eq. 7,
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where φ and c represent the internal friction angle and cohesion of the coal seam, respectively.
Therefore, the coal pillar stability analysis in longwall mining involves a multi-factor nonlinear coupling problem, and the following factors affecting the stability of the coal pillar must be considered as thoroughly as possible.
1) Static parameters (the static physical and mechanical parameters of the coal and rock mass): elastic modulus, Poisson’s ratio, internal friction angle, cohesion, bulk density, etc.
2) Engineering disturbance parameters (also known as engineering design parameters): coal seam thickness, working face length, coal seam burial depth, coal seam dip angle (θ), coal pillar width (M), etc.
3) Time-varying parameters (parameters of goaf materials that vary over time): temperature, pressure, etc.
In conclusion, the influencing factors of coal pillar stability were determined, thereby providing a theoretical basis for establishing a coal pillar database. Additionally, the analysis offers reasonable model input factors for predicting coal pillar multi-factor nonlinear coupling disasters under engineering disturbance. Moreover, coal pillar stability control measures can be designed based on stope stress transfer to reduce mining stress transfer (e.g., via roof cutting and pressure relief), strengthen the support strength (i.e., roadway support), and optimize the coal pillar size.
3 DATA ACQUISITION AND ANALYSIS
In mining and geotechnical engineering, it is difficult to determine reliable input parameters and find effective methods for accurately describing this nonlinear relationship, and as a result, it is often challenging to assess reliability. This report aims to establish a coal pillar database and develop reliable datasets through data mining technology to improve the calculation performance of the described prediction model. The coal pillar data transfer pathway is illustrated in Supplementary Figure S4.
3.1 Sampling and Origin Data Acquisition
Certain coal pillar parameters are needed to establish the prediction model. To avoid overtraining, three parameter selection principles are applied. First, the sensitive parameters reflecting the stability of the coal pillar should be used as the evaluation index. Second, these parameters should be physically independent from one another. Finally, the parameter data should be easy to obtain. Combined with the factors influencing coal pillar stability, the coal seam thickness, working face length, coal seam buried depth, coal seam dip angle, coal elastic modulus, Poisson’s ratio, internal friction angle, cohesion, and volume weight are selected as independent variables, and the coal pillar width is taken as the dependent variable.
Notably, coal pillar stability is also impacted by other parameters, such as the overburden breaking state, disturbance characteristics, temperature and pressure of goaf materials, and monitoring signals. However, these index data are difficult to obtain (Dai et al., 2020), and without these indicators, the coal pillar stability can still be predicted within the allowable range of engineering measurement error.
The data used in this study were collected using internet research search engines and academic databases, including China National Knowledge Infrastructure (CNKI) and Google Scholar. The compiled data comprises 125 published coal pillar design history cases, including journal articles (90%) published by colleges and universities between 2002 and 2019. The missing items have been added to the original collection from available sources in other bodies of literature. Some data is based on existing technical reports and engineering survey data from research and design institutes.
The statistical distribution of the geographical locations of the mines is presented in Supplementary Figure S5. The most-studied geographical regions are Shaanxi (32%) and Shanxi (56%). Coal mines with section coal pillar widths of 11–20 m accounted for the highest proportion (60%), and the utilization of pillars less than 10 m or more than 30 m wide corresponded to 4 and 2.4%, respectively. Supplementary Figure S6 shows the original coal pillar dataset.
3.2 Data Analysis
3.2.1 Model Inputs and Output
Single-variable empirical formulas are often used in coal pillar design and stability evaluations; these variables include γ, H, L, or Hd, and μ (Salamon and Munro, 1967; Bieniawski, 1968; Wilson, 1972). Previous studies (Dai et al., 2020) initially showed that coal pillar size can be estimated with reasonable accuracy, and it is more effective to use multiple measurement parameters for such predictions than to use a single parameter. Therefore, the input variables of the prediction model are σ, c, E, φ, γ, μ, H, α, h, and L, while M is the single output variable in this study.
3.2.2 Data Preprocessing
The main tasks of this stage include data cleaning, integration, transformation, and reduction. This process is illustrated in Supplementary Figure S7.
As shown in Supplementary Figure S7A, the coal pillar database cleaning stage deals with missing and abnormal values. The missing values are filled by interpolation. If there are excess abnormal values, the data can be deleted directly. When there are fewer, the data can be added from other sources, i.e., data for adjacent working faces in the same mine are collected, and the average value is calculated to correct the abnormal value. As shown in Supplementary Figure S7B, the feature attribute expressions from multiple data sources are not necessarily matching. The main purpose is to detect and handle conflicts involving different meanings with the same name, same meanings with different names, and different units. 1) Different meanings with the same name: attribute ID (coal pillar value) in data source A1 and attribute ID (coal pillar value) in data source A2, respectively, describe small coal pillars and wide coal pillars, i.e., they describe significantly distinct entities. In this study, coal pillar data sources citing widths of less than 9 m are excluded. 2) Same meaning with different names: attribute ID (modulus of elasticity, Poisson’s ratio, bulk density) in data source B1 and attribute ID (bulk modulus, shear modulus, density) in data source B2 are related to one another, and they can be transformed and unified using:
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where E is the elastic modulus, v is Poisson’s ratio, K is the bulk modulus, G is the shear modulus, γ is the bulk density, ρ is the density, and g is the acceleration of gravity. 3) Units are not consistent: the same entity is described with different measurement units.
As shown in Supplementary Figure S7C, the data transformation stage standardizes the data to meet the requirements of mining tasks and algorithms. Different coal pillar attributes often have different dimensions and units. Therefore, data standardization processing is necessary to eliminate the influence of different dimensions and sizes between indicators. This study used minimum-maximum normalization to map the results between (0,1). The conversion function is expressed in Eq. 9, (Wang et al., 2013),
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where Xmax and Xmin are the maximum and minimum values in the data series, respectively, and Xij is the actual observed value.
As shown in Supplementary Figure S7D, the data specification stage merges many data points into attributes, such as filtering input parameters, which have a greater impact on weight. This improves modeling accuracy and reduces data mining time.
3.2.3 Data Preprocessing
Prior to modeling, statistical analysis of the coal pillar database is very important. The basic descriptive results are shown in Supplementary Table S1.
The abnormal values in the database negatively impact the algorithm’s ability to determine the exact relationship between input and output parameters, thereby reducing the reliability of the model. In addition, outliers must be identified because they may create random phenomena with different behaviors in a single dataset.
Supplementary Figure S8 shows the box diagram of coal pillar characteristics. The center line of most attributes is in the center of the corresponding box, which means that the input parameters have generally symmetrical distributions. Among the influencing factors, tensile strength, cohesion, bulk density, coal seam dip angle, and buried depth include some abnormal values, which need to be processed.
Correlation analysis of the parameters in the coal pillar database is a fundamental aspect of data mining. Supplementary Figure S9 shows a scatter plot matrix for the dataset, where the distribution of each attribute is shown in the diagonal of the graph. The vertical axis of the diagonal histogram represents the frequency, the lower triangle area represents the scatter distribution of the dataset, and the range of the upper triangle area (which indicates the standard correlation coefficient between each pair of attributes) is from –1 to 1. When this parameter is close to 1 or –1, there is a strong positive or strong negative correlation, respectively Koo and Li (2016). proposed that R values < 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and >0.90 indicate poor, medium, good, and excellent correlations, respectively. Most parameters have relatively poor correlations with one another (i.e., R < 0.5), which suggests that each characteristic attribute is independent from the others. In addition, the independent datasets essentially follow normal distributions, with few outliers. This may indicate that, although the amount of available data is relatively small, it is true that the distribution is approximately random.
4 MIV-BP-GA MODEL CONSTRUCTION AND RESULT ANALYSIS
4.1 MIV-GA-BP Modeling
High-dimensional data are difficult to visualize, and therefore, it is necessary to compress the dataset. Currently, MIV is considered one of the best indicators for evaluating the correlations between variables in neural networks (Wang, 2013). Specifically, MIV is used to measure the weight matrix change for each variable in a neural network; this process can quantitatively describe the importance of an independent variable to the dependent variable. Back-propagation neural networks are widely used because of their simple defining principle and facile implementation. However, BP also has limitation, i.e., it is easy to shake, easy to fall into a local minimum, and sensitive to the initial value in the training process. After the fusion of the genetic algorithm and BP, the GA can control the convergence of the model and improve the optimization time performance of the algorithm (Goldberg, 1989). Supplementary Figure S10 shows the principle of a MIV-BP-GA model.
4.2 Prediction Process
4.2.1 Data Division
Before modeling, the entire dataset is divided into a training set and a test set, which are used for training the model and evaluating the generalization performance of training model, respectively. Optimization analysis is typically used to determine how to divide the data into a training set and a test (Qi et al., 2018a). In this study, the proportions corresponding to the training set and test set were determined by a trial-and-error method where the size of the training set was increased between 30 and 90%. This analysis revealed optimal training set and test set proportions of 80 and 20%, respectively. The test set should be mutually exclusive relative to the training set as much as possible. Moreover, the training and test sets should have similar statistical characteristics because they are randomly extracted from the same complete dataset.
4.2.2 K-fold Cross-Validation
To improve the evaluation performance of the prediction model, it is necessary to carefully select an appropriate verification method for parameter adjustment. K-fold cross-validation (CV) is the most popular strategy to overcome data scarcity (Braga-Neto et al., 2004). K-fold CV reduces variance by averaging the results of different K-folds of the training set. In this study, the K value was set to 10 based on a previous report (Rodriguez et al., 2010). The 10-fold CV process applied in this study is shown in Supplementary Figure S11. The performance evaluation indices, e.g., mean squared error (MSE) and R, of each calculation model can be calculated using Eqs 10, 11, respectively:
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4.2.3 Evaluating the Results
4.2.3.1 Influential Weights of Coal Pillar Attributes Based on MIV
Ten characteristic attributes were used as input for 50 iterations of an MIV test (Koo and Li, 2016), and adjustment rates of 10, 20, and 30% were used to calculate the MIV of each attribute. Different input and output variables exhibit positive and negative correlations, which indicates that MIV can have positive and negative numbers. To compare the influential weights of different input parameters, all MIVs were taken as absolute values, and the weight changes were calculated under each |MIV| mediation rate. Owing to the similar influential weight trends under each regulation rate, a rate of 20% was used for analysis, as shown in Supplementary Figure S12.
Supplementary Figure S12 shows that the factors influencing the stability of coal pillar have the following relative importance: H > h > L > E > c > σ > φ > μ > γ > θ. The influence scores of engineering disturbance parameters (e.g., H, h, L) are generally greater than those related to the physical and mechanical parameters of rock mass (e.g., c, σ, φ, μ, γ), which indicates that analyzing the mining design and engineering disturbance factors is crucial for ensuring the stability of coal pillars. The Shaanxi and Shanxi areas of China have suitable coal seam geological conditions, and thus, the dip angle of coal seams can be ignored, although the buried depth, thickness of coal seams, and length of the working face should be taken into account. In terms of the physical and mechanical parameters of the rock mass, there is little difference among the parameters, although it is clear that the elastic modulus, cohesion, and tensile strength should be obtained accurately. Of course, the internal friction angle, Poisson’s ratio, and bulk density are also of analytical significance. To reduce the data dimension and enhance the prediction time and accuracy of the model, the coal seam dip angle is eliminated (with an elimination rate of 10%), and the other nine variables are included in the prediction model.
4.2.3.2 BP-GA Parameter Optimization
One of the most difficult tasks in modeling is determining the network training algorithm and network structure. The number of hidden layer nodes has a significant impact on the model’s prediction performance (Mohamad et al., 2016). The upper limit of hidden layer nodes is 2Ni+1, where Ni is the number of input parameters. Considering the prepared dataset (where Ni = 9). The optimal number of hidden layer nodes is 14, which indicates a three-layer topology structure. Parameter tuning is essential for successful modeling. In this study, a GA is used to optimize the network parameters. The model parameters are shown in Supplementary Table S2.
4.2.3.3 Prediction Results of the MIV-GA-BP Model
MSE and R served as evaluation indicators. Supplementary Figure S13A compares the predicted and experimental values; the relative error between the expected value and the value predicted by the network prediction model is less than 5%. The regression analysis is shown inSupplementary Figure S13B. Most points fall near the fitting line, the R value of the predicted and expected values is 0.83, and the MSE of the model is 0.15, indicating that the prediction effect of the MIV-BP-GA model is both reasonable and applicable.
5 TWO CASE STUDIES
The Yujing coal mine (YCM) and the Xiaobaodang coal mine (XCM) were used to validate the engineering applicability of the developed model for real mines. The location and development plan of these mines are presented in Supplementary Figure S14.
5.1 Yujing Coal Mine
According to the background of the 90101 fully-mechanized top coal caving face in the YCM, the 90101 working face length is 151 m, the average buried depth is 180 m, the coal mining thickness of the working face is 5.6–9.5 m (average thickness = 8.1 m), and the inclination angle is 2. The MIV-GA-BP model was used to predict the coal pillar width of the typical working face in this section of the mine (Supplementary Table S3).
The coal pillar width predicted by the MIV-GA-BP model was 16.4742 m. When a 16-m-wide pillar used in the field design, the surrounding rock deformation of the roadway was small, and the control effect was good.
5.2 Xiaobaodang Coal Mine
5.2.1 Project Prediction and Field Verification
The coal seam dip angle of the 112202 working face in the XCM is 1–3, with an average coal thickness of 5.5 m and an average buried depth of 300 m. The coal pillar width of the typical working face in this section (112202) was predicted using the developed model (Supplementary Table S4).
The coal pillar of the 112202 working face is predicted to be 22.4652 m, whereas a 20-m-wide coal pillar was used in the field design. Extensive calculations indicate that the coal pillar on the XCM site has potential instability, thus highlighting the important guiding role of coal pillar stability evaluations before mining.
According to on-site investigations, the 112202 working face encounters hidden dangers, such as large deformation, a serious slope, and difficult coal pillar support in the empty section. Under conditions involving fast advancing speeds (15 m/d) and strong mining at the super-long working face (350 m), a large area of roadway roof has fallen in the leading face area (Supplementary Figure S15). This confirms that the coal pillar stability identification model applied herein exhibits certain accuracy.
5.2.2 Disaster Control Measures
Stability control technology for “roadway advanced reinforcement support” was formulated for the 112202 working face by combining the prediction results and mining process parameters. The reinforcement and support measures were designed for the advanced area (T1–T6 in Supplementary Figure S15) with potential safety hazards.
For the roadway roof (Supplementary Figure S16A): 1) the roof is paved with diamond-shaped metal mesh (mesh = 50 × 50 mm); 2) the roof anchor cable is a Φ21.6 × 8300 mm steel strand with four supports in each row (spacing between supports = 1500 mm, pre-tightening force = 200 kN, anchoring force ≥280 kN), and the double-layer W-shaped steel guard plate (4 × 280 × 5100 mm) is used as a connection; 3) the anchor bolt is supported with a W-shaped steel guard plate (4 × 280 × 4300 mm), and a left-hand screw thread steel bolt without longitudinal reinforcement and an arch prestressed tray (150 × 150 × 10 mm) are used for support.
For the mining side of roadway (Supplementary Figure S16B): 1) the mining side is reinforced with a Φ22 × 2600 mm high-strength glass fiber-reinforced plastic anchor rod and a pine pallet (400 × 200 × 50 mm) with circular glass fiber-reinforced plastic mesh; 2) there are four anchors in each row (spacing between rows = 850 × 900 mm, top anchor bolt = 300 mm away from the roof, elevation angle = 15°) with plastic steel mesh laid on the upper part (mesh size = 40 × 40 mm), 3) before the support, the W-shaped tray should be unloaded, and the failed bolt should be repaired.
For the coal pillar side of roadway (Supplementary Figure S16C): 1) diamond-shaped metal mesh (mesh = 50 × 50 mm) is laid on the side; 2) the anchor cable is a Φ21.6 × 4800 mm steel strand with three supports in each row (spacing between anchor cables = 1000 mm, row spacing = 900 mm), and each row of the anchor cable is connected through a W-shaped steel guard plate (4 × 280 × 2200 mm); 3) one anchor rod (Φ22 × 2600 mm left-handed screw thread steel bolt without longitudinal reinforcement) is constructed at the lower part of each row of anchor cables, 800 mm away from the lowest anchor cable, and equipped with an arch prestressed tray (150 × 150 × 10 mm).
5.2.3 Evaluation of Disaster Control Measures
The applicability of reinforcement support was evaluated by monitoring the roadway displacement and coal pillar crack evolution.
5.2.3.1 Roadway Surface Displacement Observations
A surrounding rock displacement monitoring station was installed in the roadway reinforcement area to evaluate the stability of the surrounding rock and to provide a reference for the subsequent roadway support design or further optimization. The statistical results obtained from monitoring surrounding rock displacement at two representative stations are presented in Supplementary Figure S17.
As shown in Supplementary Figure S17A, the mining stress significantly affects the surrounding rock deformation of the roadway section when the working face advances by 50–60 m. In particular, the deformation of surrounding rock (∼230 mm) is greater than that of the roof (∼100 mm), and the deformation of the working face is slightly larger than that of the coal pillar. The deformation of the working face side in the two stations was 1.61 times and 1.75 times that of the coal pillar side owing to the difference in the support strength of the two sides. To facilitate mining, an FRP(Fiber Reinforced Polymer) bolt can be used to support the working face. Under the influence of mining stress, the ability of an FRP bolt to control surrounding rock deformation is much weaker than that of a high-strength screw steel bolt, and therefore, the deformation of working face side is greater than that of coal pillar side. In general, the surrounding rock of the roadway is deformed to a certain extent under the mining stress of the working face; however, the deformation is very small, and the stability of the surrounding rock is high. Supplementary Figure S18 shows a real photograph of the roadway. The reinforcement and support measures have achieved ideal support effects, which can promote safe mining at the 112202 working face.
5.2.3.2 Coal Pillar Damage Detection
As shown in Supplementary Figure S19, after implementing the reinforcement measures, the internal damage to the coal pillar is detected up to 180 m in front of the working face. Within 0–60 m in front of the working face, internal fractures have developed in the coal pillar but not penetrated, thus sufficiently meeting the requirements of safe mining. Between 60 and −180 m in front of the working face, the coal pillar is only affected by the disturbance of the adjacent goaf, which is relatively high inside the coal pillar on the side of the working face. This shows that the roadway reinforcement and support measures are effective.
6 CONCLUSION
The results presented herein lead to the following conclusions:
1) Coal pillar instability induced by mining stress transfer was analyzed, and the main influencing factors are static parameters (e.g., E, μ, φ, c, γ, σ) and engineering design parameters (L, h, H, θ, M).
2) The key parameters of 125 coal pillar design cases in China were collected and used to establish a coal pillar database by applying a data mining method. The weights of factors influencing coal pillar stability were determined based on MIV calculations to fall in the order: H > h > L > E > c > σ > φ > μ > γ > θ. Meanwhile, a GA-BP prediction model was formulated. The prediction results indicated that the relative error rate was controlled within 5%, the R of predicted versus expected values was 0.95, and the MSE was 0.13; thus, the developed method provides a new approach for intelligent coal pillar risk assessments.
3) The applicability of the model was evaluated based on two field cases. The relative error of the YCM coal pillar was 3%, and there was no major safety hazard in the field. However, the designed value in the XCM coal pillar was too small, and there were some disasters, such as roadway deformation and spalling in the field. After formulating an “advance area roadway reinforcement support” strategy, the roadway stability was improved significantly, thereby confirming the applicability of the developed prediction model.
4) The model described herein depends on the reliability of the collected training dataset, and it can be applied for cases with similar geological conditions (i.e., rock type, geological conditions, etc.). This method can also be used in other aspects of mining and geotechnical engineering.
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Complex geological environment and climatic conditions lead to frequent geological disasters in the Three Gorges Reservoir area. In particular, due to the impact of reservoir impoundment, a large number of landslides have occurred, resulting in huge economic losses and casualties. In this study, the bedding rock landslide is taken as the research object. First, the DTA-138 geotechnical ring shear apparatus system is used for the ring shear test. Second, a two-dimensional numerical model of Shanshucao landslide was established, and simulation was carried out. The main conclusions are as follows: 1) The shear stress–shear displacement curves of sliding zone soil under different shear rates show typical strain softening characteristics. 2) The shear rate–internal friction angle curve showed a good logarithmic relationship. 3) The fundamental reason for the rapid sliding into the river after the instability of the main sliding zone of the Shanshucao landslide is the negative rate effect of the argillized interlayer sliding zone soil in the main sliding zone.
Keywords: Three Gorges Reservoir (TGR), landslide, ring shear test, numerical simulation, bedding rock
INTRODUCTION
Bedding slope in the Three Gorges Reservoir area is numerously developed. According to the literature, the length of reservoir bank with bedding slope in the Three Gorges Reservoir area is 981.83 km (Yin, 2002), and about 62% of bedding slopes in the reservoir are rock slope. As the influence of concentrated rainfall and water level fluctuation, bedding rock slope is more prone to deformation and failure than other types of slope (Zou, 2014). In addition, landslide of this type often slide fast and occurred suddenly, which is often difficult to predict and easily causes huge damage, such as the Jibazi landslide of Yunyang in July 1982, Qianjiangping landslide in 2007 (Wang et al., 2008), and Jiweishan landslide of Wulong in 2009 (Liu, 2010).
Geological disasters frequently occur in the Three Gorges Reservoir area (Cai, 2019; Fu et al., 2017; Fu et al., 2020; Zhou et al., 2022). Zigui County has high frequency of geological disasters, heavy disaster, and high density, and it is one of the high-incidence areas of geological disasters in China (Li et al., 2019). In addition to the Qianjiangping landslide mentioned above, the Shanshucao landslide is the most serious bedding rock landslide in this area which occurred in recent years. Xu et al. (2015) gave a report on the landslide, which occurred on 2 September 2014, in the town of Shazhenxi, on the left bank of the Luogudong River, a secondary tributary of the Yangtze River. As reported, it was affected by continuous rainfall for several days and due to the rise of reservoir water, an obvious deformation appeared on the slope on that day, and then, its instability accelerated the decline. Landslide rushed into the river straightly like a warship. Meanwhile, it caused a large-scale decline in the soil traction area, the Daling hydropower station and staff dormitory building on the slope were completely damaged. According to the memories of witnesses at the scene, the landslide experienced a sliding process of acceleration, blocked deceleration and stop, and the whole process lasted about 3–10 min. Due to the obstruction of the right slope body during the sliding process, the sliding direction was deflected and the obstruction of the riverbed at the front edge reduced the sliding speed substantially. Finally, the landslide was calmly drawn into the river without causing surges. The maximum slip distance of landslide is about 160 m, according to the estimation of the shortest time for 3 min, with an average sliding velocity of 53 m/min. According to the classification methods (Hutchinson and Tika, 1999), the landslide was a medium-high-speed landslide.
The Shanshucao landslide is not a high-speed and long-distance landslide, but its destructive power can’t be underestimated. Obviously, it is very important to study the sliding mechanism of this type of landslide. The essence of studying landslide sliding mechanism from the perspective of mechanical test is to reveal landslide materials, especially the change rule of shearing strength of the sliding zone soil. According to the rock mechanics theory, the shearing strength of the sliding zone soil is a dynamic parameter with time-efficient. If the shearing strength is considered as a static parameter to be introduced into the dynamic landslide deformation analysis, the stability condition of landslide can’t be accurately reflected. When a landslide occurs, the shearing strength provided by the slip soil is close to the residual strength. With the change of shear rate of the sliding zone, the residual strength will change, which directly affects the deformation behavior of the landslide.
Ring shear test is mostly used in the study of residual strength of sliding zone soil, such as the Vaiont landslide (Liu, 2002), Qianjiangping landslide studied by Wang et al. (2007), and Yigong landslide studied by Hu et al. (2009). The ring shear apparatus can simulate the shear conditions during long-distance sliding of landslide soil mass, and can complete maximum deformation under vertical pressure. It is suitable for measuring residual strength under large deformation shear, especially for research of long-distance landslide and debris flow. Wang et al. (2012) carried out ring shear tests on the sliding zone soil of a landslide and proposed that the residual strength is significantly affected by shear rate. It can be seen that the existing research focuses on the rate effect and its generating mechanism of residual strength of soil mass, but lacks the research on the change rules of rate effect of residual strength of sliding zone soil under the main control factor. Meanwhile, the study of relationship between rate effect and deformation behavior of landslide is less. In this article, the author takes the Shanshucao landslide as an example to conduct consolidation drained tests on the remodeling sample of slip soil, and studying the influence of residual strength change of Shanshucao sliding zone soil of on deformation behavior of landslide and taking tests by using ring shear apparatus with different rates as variables.
OVERVIEW OF THE SHANSHUCAO LANDSLIDE
Description of the Shanshucao Landslide
The Shanshucao landslide is located in Shazhenxi town in the west of Zigui County. According to the published literature (Zhou et al., 2020), the average elevation in this area is greater than 1,000 m and the terrain elevation difference is 300∼1,000 m. It is located in the ExiFold tectonic zone. There are many roads in the region and the traffic is unobstructed. G348 national highway passes through the territory, there are also waterways connected with other cities. The landslide is about 90 km from Zigui county highway and 42 km from the Three Gorges Dam. According to the attitude of sediments, the mountains in this region can be considered to be in the formation of asymmetric slopes.
As mentioned previously, the Shanshucao landslide occurred on 2 September 2014, along the left bank of the Luogudong River, the second tributary of the Yangtze River (Kang et al., 2020). The ridge elevation is 440 m and the riverbed elevation is 140∼145 m. The difference between the two is about 300 m. The average slope of the Shanshucao landslide is 18°∼25°. The landslide below 175 m is affected by the fluctuation of the reservoir water level. The landslide eventually formed an area of 3.8 × 104 m2 (Figure 1) and caused the plant and units of the Daling Hydropower Station, the 5-storey staff dormitory and the 200 m route along the G348 national highway to slide into the Three Gorges Reservoir. Moreover, the landslide also damaged two rural highways total 450 m (Tian et al., 2018).
[image: Figure 1]FIGURE 1 | Aerial photograph of the Shanshucao landslide (Huanghaifeng, 2016/6/9).
Geological Condition of the Shanshucao Landslide
The west boundary of the Shanshucao landslide is a rock wall which has strike about 35°, the dip is 85° and the size is 24 × 20 m2. The southern boundary is about 20 m high, about 107° in strike, about 86° in dip, and about 90° at the elevation of 235 m in the middle. The northern boundary is a 20 m cliff on the left. The eastern boundary is the steep wall formed by the cutting of Luogudong River in the lower part of the slope, which is about 15 m high and close to upright. The modified interlayer constitutes the bottom sliding surface of the landslide and is about 15 cm thick (Figure 2).
[image: Figure 2]FIGURE 2 | A topographic map after the landslide occurred.
The landslide had an irregular rectangular shape, with a length of 350 m and a maximum width of 140 m. The highest elevation of the main scarp is about 283 m. Based on the sliding distance and substance of sliding mass, the Shanshucao landslide was divided into three subzones (Figure 3): the main sliding area (I) and two separated sliding areas (II and III).
[image: Figure 3]FIGURE 3 | Engineering geological plane and zoning map of landslide. 1, The main rock sliding zone (I); 2, tractive zone (II); 3, tractive zone (III); 4, unloading area; 5, landslide formation; 6, Middle Jurassic Qianfoya formation; 7, boundary of the landslide; 8, attitude of strata; 9, fractures; 10, sliding direction; 11, longitudinal section trace; 12, the lowest water level; 13, water level on the day of the event; and 14, the highest water level.
The main sliding area and unloading zone were in the main rock sliding area, the maximum length and width of rock sliding mass were 350 and 40 Shear ratem, respectively, for an area of 1.4ha. The sliding plane was exposed at the main scarp, with a length of 160 m, and the toe slid into the Luogudong River. Due to the long displacement of the main rock sliding mass (I), an unloading zone area about 1700 m2 was induced along the new-born overhanging rock cliff on the right side. On the left side of the main rock sliding mass (I), two soil-slipped zones (II and III) were developed, with a length of 260 m and a width of 90 m. The bulk volume of Shanshucao landslide is 55.1 × 104 m3.
The longitudinal section of the main sliding block of Shanshucao landslide is shown in Figure 4. The bedrock is feldspathic quartz sandstone, silty mudstone, and sandy shale of the Middle Jurassic Qianfoya formation (J2q), with the dip direction of 120° and dip angle of 20°.
[image: Figure 4]FIGURE 4 | Geological profile of the main slip zone (A-A′).
The sliding zone soil develops between feldspar quartz sandstone and sandy shale at a certain depth. It was an argillized interlayer formed by the softening and argillization of thin mudstone under the long-term action of groundwater, and the color is gray-green. The thickness was thin and extremely uneven, generally 5∼15 cm.
The particle size analysis and liquid-plastic limit combined method are carried out according to the standard for geotechnical test methods. The results are shown in the Figure 5 and the Table 1. The results show that the proportion of particles larger than 0.075 mm is about 23%, which is higher than other landslides, such as the Qianjiangping landslide.
[image: Figure 5]FIGURE 5 | Test results of particle size analysis.
TABLE 1 | Test results of liquid–plastic limit combined determination.
[image: Table 1]The content of silt and clay was relatively high, and the natural sliding zone soil was in a plastic state, which is closely related to the weak permeability and relative water resistance of the sliding zone soil.
GEOLOGICAL ANALYSIS
Due to the effect of regional tectonic stress, two groups of joints L1 (15°∠86°) and L2 (130°∠85°) were measured on the south side of Shanshucao, and both of them were tensile fractures. By drawing the stereographic projection of the slope structure (Figure 6). It clearly shows the slope structure which is highly instable, composed of layer, fracture surface, and weak layer. As shown in the figure, in the two groups of tension fractures, L1 forms the right boundary, L2 forms the back boundary, and both structural planes are separated structural planes (Zhang et al., 2021). Fractures and weak layers cut the landslide into cube blocks to promote rock weathering.
[image: Figure 6]FIGURE 6 | Whole-space stereographic projection of the slope.
Because of the above reasons, there are many factors of landslide. According to the findings, there was continuous rainfall in the Shanshucao area before the landslide. The rainfall lasted for a long time and it was a heavy rainfall, which had a huge adverse impact on the slope. Secondly, the reservoir water level of the Three Gorges Reservoir rose rapidly before the landslide, which also reduced the stability of the slope. Besides, human beings have built a lot of projects in the landslide area, which have changed the stress direction of the landslide, and it made the landslide more instable.
RING SHEAR TEST AND BACK ANALYSIS OF PARAMETERS
Ring shear apparatus is a geotechnical test equipment to study the mechanical properties of soil under large shear displacement (Sun et al., 2009). The ring shear test can effectively study the residual strength of the excavated body on the shear plane (Hong et al., 2009). Through the shear test of sliding soil, the variation law of residual strength of sliding soil with different shear rates was obtained.
Testing Equipment
At present, the ring shear apparatus is mainly Bishop type and Bromhead type. The test principles of the two instruments are the same, but the test shear boxes are different (Figures 7A,B). This test adopts the DTA-138 georing-shear instrument system developed by Japan Cheng Research Institute (Figure 7C), which is mainly composed of vertical pressure system, rotation system and data acquisition instrument. The structure and working principle of the shear box of the ring shear apparatus are similar to those of the Bishop ring shear apparatus. It is a shear box with upper and lower separations. The outer sleeve is equipped with a guide tube attached to the rubber ring, which cannot only prevent the sample from extrusion, but also reduce the friction force. The instrument is mainly used to study the relationship between shear stress and shear displacement of soil after peak strength. The characteristic is that the adjustable range of shear rate is large (0.00055–109 mm/min), and the drainage conditions in the shear process can be effectively controlled.
[image: Figure 7]FIGURE 7 | Testing equipment. (A) Bishop ring shear. (B) Bromhead ring shear. (C) DTA-138 ring shear.
Experimental Principles
Since the width of the specimen is narrower than the radius of the soil ring, it is generally assumed that the shear stress is uniformly distributed along the shear surface. During the ring shear test, the shear deformation of the interface changes with the radius. Therefore, the average shear stress and average shear displacement are used, and the calculation formula is
[image: image]
[image: image]
In this formula, M is torque, recorded by DTA-138 ring shear system, unit KN; [image: image] and [image: image] are the outer diameter and diameter of the sample, respectively, unit m; [image: image] is the average shear velocity, unit m/min; t is the shear time, the unit is min; the effective normal stress is
[image: image]
In the formula, P is the vertical load acting on the sample, and the unit is KN. DTA-138 ring shear apparatus records torque, shear time, friction, and other related parameters through sensors, and then calculates the stress and displacement data through the above formula.
Sample Preparation
The preparation process of remolded samples is as follows: first, the fresh sliding soil is dried in an oven (the oven temperature is 105°C for more than 24 h), and the dried soil sample is hammered and sieved (the sieve aperture is 2 mm); second, addition of distilled water to configure natural moisture content (16.5%) soil samples and wrapping them with preservative film for more than 12 h; the annular sample was prepared by pressure sample method, and the saturated sample was obtained by vacuum saturation method (extracting 2 h and soaking in distilled water for more than 10 h). The production process is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Preparation process of remodelling ring shears. (A) Sample. (B) Pressuring samples. (C) Release. (D) Sample on the shear box.
Test Scheme
At present, the main ring shear test methods are single-stage shear, multi-stage shear, and pre-shear. The single-stage shear was used in this experiment. Although it required more soil samples and took a long time, the residual strength obtained was relatively more accurate (Wang et al., 2012).
The existing research shows that the residual strength of soil has nothing to do with the stress history and initial structure (Liu et al., 2004). The residual strength could be obtained by laboratory test of remolded soil samples without using undisturbed soil samples.
The shear process adopts consolidated drainage shear, that is, the sample is consolidated under different normal stress for more than 24 h before shear, and the drainage valve is opened during the shear process. The reason for adopting drainage shear is mainly considering the occurrence environment of sliding zone soil. The upper part is weathered shale mudstone, and the lower part is relatively water-resisting sandstone. During the shear process, groundwater is concentrated at the bottom of the sliding body.
Four shear rates of 0.1,1,10,40 mm/min were selected for ring shear test. The numerical selection of shear rate is based on the classification of landslide movement speed by IUGS landslide working group, which are slow speed (0.003 ∼ 0.3 mm/min), medium speed (0.3 ∼ 30 mm/min), fast speed (30 ∼ 3000 mm/min), and high speed (3,000 ∼ mm/min). Several scholars (Skempton, 1985; Chen, 2012; Bhat and Yatabe, 2015) found that the slow shear rate (less than 0.01 mm/min) in the conventional test had little effect on the residual strength of soil, which could be ignored. In addition, the shear rate exceeds a certain value (100 mm/min) It is easy to cause serious soil compaction in the test, and the test results are discrete (Hu, 2012).
The average sliding velocity of the Shanshucao landslide is about mm/min, which is a rapid landslide.
Test Results and Back Analysis of Parameters
The failure surface morphology of shear argillized interlayer sliding soil formed at different rates is shown in Figure 9. When the shear rate is low, the scratches are scattered and not obvious, and the surface is rough. When the shear rate is high, the failure surface of the sample is smooth as mirror, and the gray-black particle plane formed by friction is visible.
[image: Figure 9]FIGURE 9 | Failure surfaces of clayey interlayer sliding soil samples with different shear rates(400 kPa). (A) Low shear rates(0.1 mm/min). (B) High shear rate (40 mm/min).
The results of shear stress-shear displacement curves (400 kPa) of sliding zone soil under four different shear rates are shown in Figure 10.
[image: Figure 10]FIGURE 10 | The shear stress–shear displacement curves of argillized interlayer sliding soil under different shear rate.
The curve shows typical strain softening characteristics. When the shear rate was low (0.1 mm/min, 1 mm/min), the curve changed gently and showed a slowly decreasing trend. When the shear rate was high (10 mm/min, 40 mm/min), the curve fluctuated greatly, and the residual state needed more deformation. It shows that the soil particle adjustment is more complete when the shear rate is large, and the pore pressure excited by high speed is larger, and the dissipation time is longer. The excitation-dissipation process will also strengthen the fluctuation of the curve. Compared with the shear stress-shear displacement curve of specimens sheared at 0.1 ∼ 40 mm/min, the deformation required to reach the residual state increases significantly, but faster. When the rate increases from 0.1 mm/min to 40 mm/min, the peak stress of the curve is similar, but the residual stress decreases significantly and the peak residual stress increases gradually.
The residual strength of soils with different shear rates is shown in Table 2. Through comparison, it is found that the greater the normal stress, the greater the residual strength. The reason is that the larger normal stress helps to enhance the friction and occlusion between particles, which makes the residual strength relatively high (Wang et al., 2017). At the same time, the residual strength increases with the increase of shear rate.
TABLE 2 | Residual strength of sliding zone soils with different shear rates.
[image: Table 2]According to the ring shear test results, the residual cohesion and residual internal friction angle corresponding to residual cohesion and residual internal friction angle can be obtained by fitting the residual strength envelope curves under different rates. With the increase of shear displacement, the interaction force between soil particles becomes smaller and the cementation becomes worse, so the cohesive force Cr is generally a small value. The variation of residual strength of sliding zone soil is essentially the analysis of the variation of residual friction angle φr (Tiwari and Marui, 2004; Wu et al., 2011).
The values of cr and φr fitted by the test results are shown in the Figure 11. It can be seen that the two residual strength indexes change simultaneously under different shear rates. In order to obtain the one-to-one correspondence between shear rate and shear strength, the calculation formula of φe can be derived from the concept of equivalent internal friction angle (φe) in rock mass according to the principle of equal shear strength.
[image: image]
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[image: Figure 11]FIGURE 11 | Fitting residual cohesion cr residual internal friction angle φr.
According to Eq. 5, the equivalent internal friction angles of different shear rates are calculated, and the relationship curve between shear rate and internal friction angle is obtained. It can be seen that the curve has a good logarithmic relationship, which is basically consistent with the research results of SUZUKI (Suzuki et al., 2007).
The residual strength index of cohesive interlayer sliding zone soil under different shear rates is shown in Table 3. The higher the shear rate is, the lower the residual cohesion is, lower the residual internal friction angle is, and lower the comprehensive internal friction angle . Using the relationship between the shear rate and the comprehensive internal friction angle in Figure 12, it can be seen that there is a decreasing non-linear relationship between the two parameters.
TABLE 3 | Residual strength index of clayey interlayer sliding zone soil under different shear rates.
[image: Table 3][image: Figure 12]FIGURE 12 | Relationship between shear rate and integrated internal friction angle.
The back analysis calculation is an indirect method to determine the residual strength parameters of sliding zone soil according to the existing deformation investigation and stability judgment, which is an important supplement to the laboratory test parameters. The combination relationship of c and φ values in three different stable states under natural and heavy rainfall conditions is calculated (Figure 13). If c value is 0, the φ values in the critical sliding limit equilibrium state under natural and heavy rainfall conditions are 18.7° and 21.4°, respectively. The comprehensive residual friction angle obtained from the ring shear test method is not much different from the results calculated by the inverse analysis.
[image: Figure 13]FIGURE 13 | Calculation results of inverse analysis. (A) Natural groundwater-free state. (B) Groundwater in heavy rainfall.
DISCUSSION
According to the experimental results, internal friction angle φ E is a function of shear rate V, expressed as follows:
[image: image]
In other words, the residual strength of sliding zone soil is a dynamic parameter of shear rate. There are three effects of shear rate on residual strength of sliding zone soil (Lemos, 2003), namely positive rate effect, no rate effect, and negative rate effect. The rate effect of residual strength of sliding zone soil depends on its own properties. For example, sliding zone soil with low clay content is easy to show negative rate effect, while sliding zone soil with high clay content is more likely to show positive rate effect (Miao, 2012).
The above test results show that the residual strength of sliding zone soil of Shanshucao landslide is a typical negative rate effect, which is consistent with its low clay content and high coarse particle content, that is, the residual strength decreases non-linearly with the increase of shear rate. In other words, once the landslide starts, it is difficult to control and easy to develop into a fast or high-speed landslide, which is consistent with the case of the deformation and decline of Shanshucao landslide. Representative landslides with the same characteristics include the Vaiont landslide (Liu, 2002), Qianjiangping landslide (Wang et al., 2007), and Yigong landslide (Hu et al., 2009).
In order to verify the correctness of the above analysis, a two-dimensional numerical model of Shanshucao landslide is established by FLAC3D to simulate the deformation after landslide instability under negative rate effect. The yield criterion of the model is Mohr-Coulomb criterion, and the sliding zone soil adopts low strength solid element. Set the boundary conditions of rainfall and reservoir water level change during 8.2 ∼ 9.2 (see Figure 14), and select the landslide instability on September 3 as the initial calculation point.
[image: Figure 14]FIGURE 14 | Average velocity of each unit of sliding zone soil.
The specific simulation method is to use Fish language, extract the average rate of each unit of sliding zone soil, bring it into the fitting formula (Eq. 6) obtained in Figure 5, and update it every 50 steps, so as to realize the dynamic change of residual strength of sliding zone soil.
As the shear rate of the landslide is very small at the beginning, the result is even less than 0 kPa. Therefore, it is assumed that when the deformation rate of landslide is less than 0.1 mm/min, φe is a certain value (the rate is 0.1 mm/min). Only when it is bigger than this rate, it will be brought into the calculation of rate effect formula φe value.
Table 4 shows the physical and mechanical parameters of landslide rock and soil mass, which mainly refers to the indoor soil test result, and unifies the engineering geology analogy obtains.
TABLE 4 | Physical and mechanical parameters of main rock and soil mass of landslide.
[image: Table 4]Figure 15 shows the horizontal displacement rate and the cumulative horizontal displacement curve of monitoring point D at the sliding belt. It can be seen that the landslide continues to accelerate deformation, and the rate of first 3,000 steps increases faster and acceleration is bigger. After 8,000 steps, the rate reaches 52.1 mm/min, and produces 6.7 m cumulative horizontal displacement.
[image: Figure 15]FIGURE 15 | Horizontal displacement rate and horizontal cumulative displacement curve of monitoring point D.
The residual strength variation of sliding zone soil can be divided into two parts: one part is the complex fluctuation in the first 500 steps, and the other part is the logarithmic curve attenuation after 500 steps, but the variation law is not a simple linear change obtained in laboratory test. In the 8,000 time step calculated in this study, the comprehensive internal friction angle decreases by 3.5°, the landslide stability coefficient decreases by 0.2, the horizontal deformation rate increases to 52.1 mm/min, and the cumulative horizontal displacement of 6.7 m is generated. It can be seen that the negative rate effect of argillization interlayer sliding zone soil in the main sliding zone of Shanshucao landslide is the fundamental reason for the rapid sliding into the river after the instability of the main sliding zone and the maximum 160 m displacement.
6 CONCLUSION
In this article, taking the Shanshucao bedding rock landslide as the research object, the DTA-138 geotechnical ring shear system is used to carry out the ring shear test and FLAC3D is used to establish a two-dimensional numerical model of the Shanshucao landslide to simulate the deformation after landslide instability under negative rate effect. The conclusions are as follows:
(1) The shear stress–shear displacement curve of sliding zone soil under different shear rates shows typical strain softening characteristics. When the shear rate was low (0.1 mm/min, 1 mm/min), the curve changed gently and showed a slowly decreasing trend. When the shear rate was high (10 mm/min, 40 mm/min), the curve fluctuated greatly and the residual state needed more deformation.
(2) According to the results of the ring shear test, the envelope curve of residual strength under different rate conditions can be fitted, and the corresponding residual cohesive force and internal friction angle can be obtained. The curve of shear rate–internal friction angle shows a good logarithmic relationship.
(3) In order to verify the test results, an FLAC3D numerical model was used to simulate the deformation after landslide instability under the negative rate effect. The final results show that the negative rate effect of the clayed interlayer sliding zone soil in the main sliding zone is the fundamental reason for the rapid sliding into the river after the instability of the main sliding zone of the Shanshucao landslide, and the maximum displacement is 160 m.
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The Tibetan Plateau suffers from various types of geohazards (collapses, landslides, and debris flows.) due to abrupt changes in complex topography and weather conditions. Global warming and frequent high-intensity earthquakes in recent years have exacerbated the situation. Collapses and landslides provide vast amount of soil and debris which are conveyed downstream by runoff caused by extreme rainfalls to form large-scale debris flows; then, the debris flows block rivers and finally form dam-break floods, that is, a hazard chain triggered by debris flows. Along the evolution direction of the hazard chain, the affected areas are constantly amplified. This study first summarizes the related research studies on river blockage, debris-flow dam failure, and the hazard chain triggered by debris flows and then points out the drawbacks of existing research studies. Overall, the research (including mechanism, risk assessment, key prevention, and control technologies) on the hazard chain triggered by debris flows is still in its infancy and is disconnected among single hazard types in the hazard chain; meanwhile, the understanding of the mechanism of debris flow blocking the river is not enough; the established model and discriminant have minimal application scope, and there is no empirical model and dynamic model of debris-flow dam failure. Finally, several key scientific issues of this field were raised: 1) it is necessary to elaborate the coupling mechanism of debris-flow dam formation and construct the discriminant and numerical model of debris flow blocking the river with high precision and a wide application range. 2) It is necessary to further study the failure mechanism of a debris-flow dam, construct the numerical model of the failure process of a debris-flow dam, and accurately simulate the outburst flood hydrograph. 3) It is necessary to clarify the critical transformation conditions and dynamic evolution process of the hazard chain caused by debris flows, complete the accurate quantitative simulation of the whole disaster chain process, then establish a complete risk assessment system of the hazard chain, and finally develop some key prevention and control technologies suitable for the hazard chain.
Keywords: debris flow dam, river-blocking mechanism, dam failure, hazard chain, floods
1 INTRODUCTION
In recent years, river blockages induced by debris flows occur more frequently due to the impact of climate change and earthquakes, especially in case of high-intensity earthquakes (Zhou et al., 2022), which are often accompanied by multiple collapses and landslides (Djalante 2019; Haque et al., 2019; Bai et al., 2020). Occurrence of collapses and landslides leads to change of geological and geomorphic conditions and increases the scale of loose materials in gullies, which is prone to large-scale debris flows when there are heavy rainfalls (Liu and Zhao 2016; Domènech et al., 2019; Zhou W. et al., 2019; Ciccarese et al., 2020; Liu et al., 2020; Zhang et al., 2020). River blockage occurs when abundant loose materials of debris flows are brought from tributaries into the main river in a short time, but the main river does not have enough capacity to carry these materials downstream. It often leads to inundation upstream and outburst flood induced by debris-flow dam failure. This is often referred to as the hazard chain induced by debris flows (Guo et al., 2004; Yin et al., 2009; Chang et al., 2011; Cui et al., 2011; Chen C. G. et al., 2012; Zhuang et al., 2012; Cui et al., 2013; Liu and Zhao 2016).
For example, on 9 April 2000, a huge avalanche-landslide-debris flow broke out in the Zhamu gully, a tributary of Tibet’s Polongzangbu River Basin, which completely blocked the Yigong Zangpo River. The peak discharge of the dam-break flow reached 124,000 m3/s when the debris-flow dam failed and smashed nearly a 30-km highway downstream. A total of 2.5 million residents were displaced with 94 casualties (Song 2015). On 7 August 2010, a large-scale debris flow was triggered by heavy rainfall in Luojiayu and Sanyanyu gullies, Zhouqu County, resulting in 1,364 deaths and 401 missing people. After the debris flow passed through the county of Zhouqu, the Bailong River was blocked and inundated half of the county (Supplementary Figure S1) (Zhang et al., 2007; Hu et al., 2010; Tang et al., 2011). At around 23:00 on 5 July 2016, a glacier lake (Cirenmacuo Lake) outburst flood transformed into debris flows in Zhangzangbu, Nyalam County. Soon after the river was blocked, dam breach occurred, flooded the Zhangmu port and hydropower facilities, and destructed road and houses in the downstream towns of Kodari and Tatopani in Nepal (Cook et al., 2018; Liu J. K. et al., 2019). On 17 October 2018, a large-scale debris flow broke out in the Sedongpu gully of Milin County, Tibet. The debris flow blocked the Palalung Zangbo River and formed a barrier dam (height 77–106 m, width 3,500 m, and volume 30 × 106 m3). The reservoir capacity of the barrier lake reached 3260 × 106 m3, and the flood peak flow reached 18,000 m3/s after 56 h, which caused important losses to the upstream and downstream (Liu C. z. et al., 2019) (Supplementary Figure S2).
The dynamic evolution process of the hazard chain induced by debris flows is shown in Figure 1. It mainly includes two kinds of secondary hazards: debris flow blocking the river and debris-flow dam failure.
[image: Figure 1]FIGURE 1 | Diagram of the hazard chain evolution.
Based on a brief review of the literature on single mountain hazard types (river blockage and debris-flow dam failure) in the hazard chain triggered by debris flows, this study points out the issues occurred in these studies. Then, research studies on the hazard chain of debris flows blocking the river and dam-break flood are discussed, and some unresolved key issues are put forward.
2 MECHANISM OF RIVER BLOCKAGE INDUCED BY DEBRIS FLOWS
2.1 Influencing Factors
Debris flows are mass movement of viscous and highly concentrated fluid–solid mixture between hyper-concentrated flows and soil mass (Prochaska et al., 2008; Hu et al., 2012; Namgyun et al., 2019). When a debris flow is blocking a river, there is a complicated interaction between the debris flow and the main river, adding difficulty to the identification of related influencing factors. Selecting influencing factors is fairly important to establish a discriminant with accuracy while simplifying the mathematical model. Therefore, multiple research studies are carried out to identify influencing factors in river blockings induced by debris flows (Table 1).
TABLE 1 | Researches on the influencing factors of river blocking induced by debris flows
[image: Table 1]Table 1 indicates the complexity and diversity of related influencing factors, including the total volume of debris flows, gravity, discharge and width of the main river, ratio of the main river and other discharges, and angle of intersection. The aforementioned influencing factors can be mainly summarized into three categories: main rivers, debris flows, and other comprehensive influencing factors. In addition, although significant progress has been made in studying these related influencing factors, it is worth noting that some of these results are only qualitative descriptions, limiting the applications to other cases. In particular, the process and mechanism of river blockage induced by debris flows under the coupling of multiple factors are not clear, which should be considered by means of experiments and numerical simulation studies in the future.
2.2 Main River Blocking Patterns
There are three river-blocking patterns induced by debris flows: complete blockage, partial blockage, and submerged dam blockage (Chen C. g. et al., 2012; Chen et al., 2013; Liu and Zhao 2016). Complete blockage (Figure 2A) refers to a debris flow flowing into the mainstream with vast amount of solid materials. The flow front rapidly reaches the opposite bank and completely blocks the main river. Partial blockage (Figure 2B) means that part of the flow front moves forward above the water surface. However, it cannot reach the opposite bank due to insufficient total mass or strong dynamic conditions of the main river. Blockage caused by submerged dam (Figure 2C) means that due to the small scale of the debris flows or the depth of the main river, the flow front can only move forward below the water surface and then form a submerged dam that partly blocks the river (Liu and Yao 2012).
[image: Figure 2]FIGURE 2 | Three river-blocking patterns induced by debris flows: (A) Complete blockage, (B) partial blockage, and (C) submerged dam blockage. The subscript “s” in the figure number represents the “sectional view” and “v” represents the “vertical view.”
Compared with partial blockage and submerged dam blockage, complete blockage can heavily increase the upstream water level and result in serious damage. In order to predict river blockages and take effective hazard mitigation measures, many scholars select key influencing factors based on dimensionless analysis or specific parameter analysis to study the threshold of river blocking induced by debris flows. The judgment formula is shown in Table 2. In addition, it should be noted that although the risk of partial blockage patterns is lower than that of complete blockage patterns, it is easy to cause serious erosion of the opposite bank and cause secondary geological disasters, such as landslides and collapses (Figure 3). Therefore, all river-blocking patterns should be further deeply studied in the future.
TABLE 2 | Discriminants of river blocking induced by a debris flow.
[image: Table 2][image: Figure 3]FIGURE 3 | Partial blockage pattern of debris flow causes serious scouring on the opposite bank (In 2008, a debris flow occurred in Guanshan gully, Sichuan province, China, partially blocking the Minjiang River. After the sharp deflection of the river flow streamline, the bank slope was scoured, resulting in the instability and failure of the opposite bank slope).
Due to the complexity of the influencing factors and the mechanism in general, it is difficult to establish a discriminant with comprehensive influencing factors. The selection index is simple, and the application scope of the established discriminants is restricted to a certain extent. The main reason behind that is the limited understanding in the mechanism of river blockage. Therefore, the discriminants should be selected cautiously when it is applied, and a discriminant with a larger scope of application should be established considering multiple key influencing factors.
2.3 River Blocking Mechanism
2.3.1 Experimental Study of River Blocking
The process of river blocking induced by debris flows is essentially a complex process of interactions between Newtonian fluid (water) and non-Newtonian fluid (debris flows) (Chen et al., 2011; Maria et al., 2014; Stancanelli et al., 2015). Through flume experiments, we can have an intuitive preliminary understanding of the process of debris flows blocking the river. When the debris flows enter into the main river, most coarse particles such as boulders and cobbles deposit at the gully mouth, which changes the local boundary conditions of the confluence area (Maria et al., 2014). The debris flow head, driven by the high momentum, continues to advance to the opposite bank of the main river (Wang et al., 2017). Under the strong hydraulic condition of the main river, the fine particles from debris flows are carried away by the water flow. The sediment concentration and velocity distribution of the solid–liquid two-phase flow at the confluence are characterized as “small and fast in the upper part and large and slow in the lower part” (Chen et al., 2013). When the head of the debris flows reaches the opposite bank and a large volume continues to flow into the river, the main river can be completely blocked; thus, a dam is formed (Wang et al., 2017). In case of a confluence, viscous debris flows are prone to move and accumulate as a whole, while the dilute ones are easier to be carried away in the way of suspended and bed loads, respectively (Chen et al., 2013).
In addition, Chen et al. (2004b)carried out experiments to study the confluence process of the debris flows and water flows. It was found that the inflow angle and the velocity ratio of the main river and tributaries have a great impact on the position and shape of sediment accumulation. Based on the theory of density flow, the motion equation of the debris flow front in the main river was deduced, and the calculation formula of its movement distance was given by (Liu C. R. et al. 2013; Liu C. R. et al. 2014; Liu and Zhao 2016), but these results have not been verified by examples. Chen (2016) studied the intersection process of debris flows and the main river using the flume model test and calculated the width of the debris-flow dam plug by momentum conservation theory; however, these results also have not been verified by examples. At the same time, flume experiments are likely to mask many important experimental phenomena in the prototype. Therefore, it is necessary to further strengthen the verification of experimental results and fully consider the similarity between the model and the prototype, including geometric similarity, kinematic similarity, and dynamic similarity, so that the results of small-scale model experiments can be directly applied to the prototype. Furthermore, based on macroscale analysis of the basin, Lv et al. (2016) pointed out that the two-phase debris flows blocked the Nujiang River, forming a large number of dam Nick points, changing the river flow pattern, causing a large amount of sediment deposition in the lake, and limiting riverbed undercutting. Although the results of this study are qualitative, it can inspire us: in the study of the debris flow blocking the river process, in addition to the intersection process and mechanism of debris flows and the main river, we should also pay attention to the influence of the intersection process on the upstream and downstream of the intersection area, including the upstream and downstream hydraulic characteristics and sediment transport characteristics.
Although research on the threshold of river blocking based on empirical expressions has made some progress, there are few achievements in the quantitative description of its mathematical models by the view point of the hydrodynamic process of water and sediment.
2.3.2 Numerical Simulation of River Blocking
Compared with the traditional flume model test, application of numerical simulation methods to study and analyze the river-blocking mechanism induced by debris flow is more cost-effective, time-saving, and is easier to change parameters (Szczukiewicz et al., 2014; Celis et al., 2017).
Combining with particle-in-cell (PIC) and marker and cell (MAC) algorithms, Chen et al. (2013) proposed a two-field coupling model for the interaction between the debris flow and the main river. The main characteristic of the model is that the rheological parameters and sediment settling velocity in the calculation unit of a confluence may be expressed with the aid of the specific weight of mixed fluids. In addition, based on the weir flow theory, a numerical calculation method to figure out the main river depth and debris flow velocity after river blockage was established by Chen C. G. et al. (2012). However, the shock wave at the initial debris flow intersection was not fully considered in the model. Liu and Yao (2012) applied the finite volume method to simulate and analyze the flow field of the main river under different blocking coefficients of debris flows in the partial blockage pattern; however, in the model, the debris flow blockage body is generalized as circular, which is inconsistent with the actual fan-shaped accumulation body, and under the action of the main river flow, the fan edge will inevitably shift in the water flow direction (Figure 4). Some commonly used fluid mechanics simulation software applications have also been used to simulate the debris flow movement and accumulation process. For example, CFX software was used by Han et al. (2016) and Xu et al. (2019) to simulate debris flows in the Mozi gully in Wenchuan County and Shiwulong Gully in Rantang County, respectively; FLO-2D software was used by Wang et al. (2017) to simulate and analyze river blockage patterns of the Guangyuanbao gully debris flows under different rainfall intensities. Although these pieces of software have high accuracy in the simulation of debris flow movement, there are large errors in the simulation of the debris flow accumulation process because these pieces of software do not consider the interaction between the debris flow and the main river water flow in the simulation.
[image: Figure 4]FIGURE 4 | (A) On July 3, 2011, the debris flow in Gaojiagou Gully, Yinxing Township, Wenchuan County, Sichuan Province blocked the Minjiang River. (B) On June 26, 2020, a debris flow in Yihai Town, Mianning County, Sichuan Province blocked Caogu River..
Therefore, for the complex process involving sediment dynamics, hydrodynamics, and soil dynamics of the debris flow blocking the river, it is necessary to consider using other relatively novel numerical simulation methods, such as DDA (Fu et al., 2020), MPM (Du et al., 2021), and NMM (Yang et al., 2019, 2020; Zheng et al., 2019). Table 3 lists some new numerical simulation methods in recent years, which can be used to simulate the process of debris flows blocking the river.
TABLE 3 | Some new numerical simulation methods in recent years.
[image: Table 3]All the aforementioned studies are aimed at analyzing river blockage induced by the viscous debris flow. The main reason is that diluted debris flows are accompanied by the sedimentation of large particles during the movement. The internal composition is highly heterogenous, and the related mechanism is far more complicated. Furthermore, the results of numerical simulation are quite different from reality since the numerical simulation parameters of the debris-flow dams are difficult to be calibrated, and the model’s boundary conditions and dynamic equations are oversimplified. Hence, numerical simulation studies on the process of river blocked by diluted debris flows are rare at present.
3 MECHANISM OF DEBRIS-FLOW DAM FAILURE
The internal composition of debris flows and the dynamic process of river blockage are complex. There are great differences between the dams induced by debris flows and the ones induced by the landslides (or maimora dam) (Wang et al., 2017; Wu et al., 2020). The former is difficult to maintain long-term stability and often bursts soon, and dam failure often occurs when there is an overtopping flow (Yan et al., 2009). The main differences between different types of barrier dams are shown in Table 4. These differences lead to the inevitable differences between the collapse process and the mechanism of the debris-flow dam and other dam types. For example, the former is difficult to maintain long-term stability and often bursts soon, and dam failure often occurs when there is an overtopping flow (Yan et al., 2009).
TABLE 4 | Comparing different types of barrier dams.
[image: Table 4]There are three failure modes of a barrier dam: overtopping, piping, and slope instability (Figure 5) (Peng and Zhang 2012; Shrestha and Nakagawa 2016; Dhunagan and Wang 2019; Kumar et al., 2019; Jiang et al., 2020; Ruan et al., 2021). However, because the debris-flow dams are mostly saturated, they have high clay content and strong water-retaining property; moreover, the height and slope of debris-flow dams are much smaller than other dams (landslide dam and moraine dam), and the seepage path is longer (Chen et al., 2011; Liao et al., 2012; Pan et al., 2013; Liu et al., 2015; Neupane et al., 2019; Sattar et al., 2019; Zou et al., 2020). Therefore, it is very difficult for the debris-flow dam to have piping or dam slope failure.
[image: Figure 5]FIGURE 5 | Failure modes of a debris-flow dam: (A) Overtopping, (B) piping, and (C) slope instability.
In the process of debris-flow dam failure, based on the flume model experiment, Ruan et al. (2021) drew on the idea of dividing landslide dams and divided the failure process of debris-flow dams into three stages according to the longitudinal evolution characteristics of the breach: the formation stage of the retrogressive scarp, the erosion stage of the retrogressive scarp, and the decline stage of the retrogressive scarp (Figure 6). Different from landslide dams, the debris-flow dam can form a very obvious retrogressive scarp in the process of failure. In addition, in a recent study, we found that the erosion rate and peak discharge of debris-flow dam failure were significantly higher than those of landslide dams under the same conditions, and the peak time of debris-flow dam failure was slower (Figure 7). Therefore, in the future, it is necessary to further compare and study different types of dams (the debris-flow dam, landslide dam, and moraine dam) and construct the theory and model of different types of dams.
[image: Figure 6]FIGURE 6 | Longitudinal evolution process of the debris-flow dam breach. (A,B) Formation stage of the retrogressive scarp (0–90 s); (B–D) Erosion stage of the retrogressive scarp (90–320 s); and (D,E) Decline stage of the retrogressive scarp (320–360 s) (Ruan et al., 2021).
[image: Figure 7]FIGURE 7 | Comparison of the dam-break discharge between a debris-flow dam and a landslide dam.
A reasonable description of the development process of the breach (the longitudinal downcutting process and cross widening process) is a prerequisite for accurate simulation of the outburst flood. At present, several models of the breach evolution of barrier dams have been proposed (Figure 8). The models of Chang and Zhang (2010), Zhong et al., (2017), and Zhou G. G. D. et al. (2019) are only applicable to landslide dams. When Chang and Zhang’s (2010) and Zhong et al’s., (2017) models are used to simulate the outburst flood, the cross-sectional shape of the breach is assumed to be trapezoidal (Figures 8A,B). Zhou G. G. D. et al’s. (2019) model does not have a calculation model for the cross widening of the breach and a complete calculation model for the longitudinal evolution of the breach (Figure 8C), which cannot be applied to numerical simulation. Ruan et al. (2021)obtained the longitudinal evolution model of a debris-flow dam through flume experiments (Figure 8D), but the bottom slope and velocity of the breach in the model are difficult to obtain in advance (Formula 1), and there is no cross expansion model of the breach, which cannot be applied to numerical simulation.
[image: image]
where E is the erosion rate (cm/s); μ and Dc are grain-size distribution parameters (Li et al., 2013; Li et al. 2015; Li et al. 2017); v is the flow velocity of the breach (m/s); and θ is the longitudinal slope of the breach (°).
[image: Figure 8]FIGURE 8 | Evolution models of the breach of the barrier dam. (A) Evolution model of the breach of the landslide dam proposed by Chang and Zhang (2010) (modified). (B) Evolution model of the breach of the landslide dam proposed by Zhong et al. (2017) (modified). (C) Evolution model of the breach of the landslide dam proposed by Zhou G. G. D. et al. (2019) (modified). (D) Evolution model of the breach of the debris-flow dam proposed by Ruan et al. (2021) (modified). The subscript “L” in the figure number represents the “longitudinal evolution of the breach” and “V” represents the “cross evolution of the breach”.
The numerical simulation of debris-flow dam failure is still in the preliminary exploration stage. Depending on the gradual breach model (Zhang and Huang 2007; Huang 2008), Zhao et al. (2009) stimulated the flood discharge process and calculated the peak discharge of the debris-flow dam in the Kezi River, Xinjiang. In this model, it is assumed that the cross-sectional shape of the breach is trapezoidal. However, for high viscous debris-flow dams, the failure process is often accompanied by intermittent large-scale collapse of the negative angle breach slope (Ruan et al., 2021). Moreover, Liu Hd et al. (2013) calculated the stability of a debris-flow dam by FLAC3D software, which can be used to determine the failure possibility of the debris-flow dam. However, the stability of a debris-flow dam is not the focus of the study because the length of a debris-flow dam along the river is usually very long, and the upstream and downstream dam slopes are much slower than those of the landslide dam. It is difficult to understand the instability of the dam slope, and the overtopping failure is the focus of the study of the debris-flow dam. Table 5 summarizes several dam-break models based on dynamics proposed in recent years, which can simulate the evolution process of the break and the dam-break flood hydrograph, but they are only applicable to the simulation calculation of a landslide dam. In the future, these models can be improved according to the characteristics of debris-flow dams, and then, some dam-break models suitable for debris-flow dams can be obtained.
TABLE 5 | Several dam-break models based on dynamics proposed in recent years.
[image: Table 5]In summary, little research on the failure of debris-flow dams has been conducted until now. The existing research studies mainly focus on the failure mode and process of dam break. Research on the failure mechanism of a landslide dam, especially the evolution law of the debris-flow dam of the breach, including longitudinal and cross evolution laws of the breach, is relatively limited. In addition, there are no numerical models and theoretical calculation methods that can completely and reasonably describe the evolution law of the breach of the debris-flow dam (undercutting erosion and lateral collapse of the breach) and the flow discharge during the dam failure process. The dynamic model of the debris-flow dam break should be constructed in the future. Furthermore, from Table 6, it can be found that there is no empirical formula for the peak discharge of dam break that is applicable to debris-flow dams, which is also the focus of future studies.
TABLE 6 | Empirical formula for the peak discharge of dam break.
[image: Table 6]4 HAZARD CHAIN TRIGGERED BY RIVER-BLOCKING DEBRIS FLOWS
Mountain hazards often include collapses, landslides, debris flows, and glacial lake outburst floods (GLOF). (Zhong et al., 2017; Begam et al., 2018; Bhambri et al., 2019; Medwedeff et al., 2020; Shen P. et al., 2020). However, sometimes due to factors such as limited space, large-scale or extra large-scale mountain hazards often transform from one kind to another, forming hazard chains and causing severe damages (Shulmeister et al., 2009; Xu et al., 2014). There are many variants of mountain hazard chains, with different combinations of disaster types (Zhong et al., 2013). “The debris-flow river-blocking debris-flow dammed-lake dam-break flood” is only a common type of the mountain hazard chain. Due to the distinctions in material composition, structure, movement form, and enlargement scale, the dynamic process of river blocking and dam failure caused by debris flows is significantly different from that caused by collapse or landslides.
4.1 Basic Characteristics and Mechanism
Attention was paid to formation, basic characteristics, distribution laws, hazard risk analysis, and prevention measures of debris flows in the last couple of years. However, less attention was paid to the hazard chain caused by debris flows. Cui et al. (2008) pointed out that Wenchuan earthquake-induced debris flows→dammed lakes→burst floods and secondary disasters were distributed intensively along the fracture zone and its two sides from the perspective of regional spatial analysis, and it did not involve the transformation process and mechanism of disasters. Xu et al. (2012) analyzed the formation conditions and chain formation mechanism of four types of disasters chains and found that in all these disaster chains, each episode was caused by the previous episode. Moreover, the amount of mass movement decreased along the disaster chains. Zou et al. (2013)investigated and analyzed some typical hazard chains after the Wenchuan earthquake and pointed out that a complete hazard chain process includes four key stages: disaster formation, the triggering stage, damage stage, and chain-breaking stage; but these analyses were qualitative. Zhong et al. (2013)analyzed the factors causing a mountain hazard chain and pointed out that the formation of mountain hazard chains is the result of interaction, infiltration, transmission, and transformation of materials and energy of each disaster under specific conditions. The most remarkable characteristic of a disaster chain is the obvious amplification effect in the evolution process of the disaster chain. However, there are very few quantitative research studies on the amplification effect of disaster chains caused by debris flows, which is the focus of future research. He (2014) preliminarily simulated and calculated the river-blocking debris flow and dam-break hazard chains caused by the so-called “8.13 Hongchun gully large-scale debris flow” from three aspects: the impact force of the debris flow, peak discharge of dam breaks, and the evolution process of flood outburst; but these three parts are separated in the analysis process. Fan et al., (2020) first integrated the rock mass stability model (FLAC3D and RocPlane tools), landslide sliding MassFlow program, dam-break DABA program, and dam-break flood HEC-RAS program to simulate the whole process of river blocking and collapse hazard chains which might be caused by three potential landslides in the Baige landslide dam. Although each model has its limitations to some extent, the simulation process has error accumulation; the study only focuses on the river-blocking landslide break hazard chain, and it provides a new idea for the study of river-blocking debris flow-dam break hazard chains and other types of disaster chains (Figure 9). In addition to numerical simulation, experimental research can also be used as an important research method for future research on the disaster chain.
[image: Figure 9]FIGURE 9 | Research ideas of the disaster chain.
The transformation among disaster types is the key in forming a hazard chain, making the critical conditions of the transformation a prerequisite for the formation of a hazard chain. Although achievements have been made in studying critical conditions of river-blocking debris flows and the dam-break model, the two are studied separately. In order to get a better understanding of the transformations in the hazard chain and quantitative descriptions of the whole process, it is necessary to conduct a systematic and in-depth analysis of the whole hazard chain and the evolution process of each knot in the chain.
4.2 Risk Assessment and Key Prevention and Control Technologies
Risk assessment of a single mountain-hazard type has been relatively mature after years of development. Based on empirical methods and numerical simulation methods (Tacconi Stefanelli et al., 2020; Choi et al., 2021), a relatively mature mountain-hazard risk assessment system has been established. However, in the context of global warming, a single mountain-hazard type is often transformed to form a hazard chain with strong destructive power (Fan et al., 2020), which also brings many challenges to the risk assessment of the hazard chain. For example, the specific challenges of the risk assessment of the hazard chain caused by debris flows are as follows. 1) The hazard chain caused by debris flows mainly includes three single types of hazards (the debris flow, weir dam, and outburst flood). The three single types of hazards occur continuously and follow their respective physical laws and transformation mechanisms. Therefore, in the risk assessment, it is necessary to clarify the transformation mechanism of three single types of hazards and systematically evaluate the entire hazard chain. For example, the physical properties of the debris flow in the process of movement are changing at all times, and there are erosion and scale amplification effects along the movement direction (Chen et al., 2020). The characteristics of the dam after debris flow blocking the river and the evolution of the outburst flood need to be fully considered. 2) In the risk assessment, it is necessary to take full account of the hazard-bearing bodies within the impact range of the entire hazard chain, but the impact range is often hundreds of kilometers or even thousands of kilometers. The hazard-bearing bodies involved mainly include roads, railways, bridges, villages, and farmland. The workload of the investigation is very huge. Hence, the traditional risk assessment method of a single hazard type cannot meet the quantitative assessment requirements of many mountain hazard chains. On this basis, it is necessary to further consider the relationship between various single hazards to truly describe the risks brought by the evolution process of the mountain hazard chain.
At present, the key technologies for debris flow prevention and control have been studied in depth. A variety of debris flow prevention and control projects have been proposed, such as check dams (Kim and Kim 2021) and drainage channels (Wang et al., 2021), and have been widely applied to effectively reduce the risk of debris flow hazards. In terms of the debris-flow dam, there is no key technology for the prevention and control of the debris-flow dam, and the related prevention and control technology of the landslide dam can be used for reference in the future. Most importantly, for the large-scale hazard chains occurring in the alpine gorge area, such as the hazard chain caused by debris flows, the conventional key technologies for the prevention and control of single disaster types cannot meet the needs of hazard reduction. Therefore, on the basis of clarifying the evolution mechanism of hazard chains, we need to develop new materials and structural prevention and control projects suitable for strong earthquake, high altitude, extremely cold and large temperature difference working environments, explore new hazard risk prevention and control principles, and regulate the whole process of hazard chain material and energy. In addition, effective engineering measures are needed to control the key links of hazard chain and cut off the critical conditions of disaster chain transformation.
5 CONCLUSION AND PROSPECTS
Although some progress has been made in studying debris flows that block the main river, the investigations on hazard chains of river-blocking debris flows and dam-break floods are still at an initial stage. Some conclusions and several frontier scientific issues on the river-blocking mechanism by debris flows and dam failure hazard chains are drawn as follows:
1) There are three patterns of river-blocking debris flows: complete blockage, partial blockage, and submerged dam blockage. Although the river-blocking factors have already been considered comprehensively and varied discriminants were established, studies on river blocking are mostly restricted at laboratory scales (flume tests), which limit the applications of the established river-blocking discriminants because the characteristics of the debris flows, the shape of the main river, and its hydrogeological conditions are unique in real-world scenarios. In addition, studies on the mechanism of river blocking by debris flows mainly focus on describing the macro phenomena. There are fewer quantitative achievements in describing the mathematical model of the dynamic process in water–particle interactions, which is also the main reason for low accuracies in the simulation results. In this regard, it is necessary to elaborate on the coupling mechanism of debris-flow dam formation, and then, a discriminant and numerical simulation model of debris flow blocking the river with multiple influencing factors and larger application scope should be established in the future. In the meantime, a large-scale model test is worth considering in future studies.
2) At present, studies on the breach of debris-flow dams mainly focus on the breach mode and dynamic failure process by considering different particle size distribution, bulk density, and clay content of a debris-flow dam, not on the breach mechanism, especially the law of the breach development (undercut and side collapse of the breach). There is no numerical model or theoretical calculation method that can reasonably reflect the evolution law of the breach and the discharge hydrograph of the outburst flood. It is vital to estimate the peak discharges of the outburst flood and erosion rate of dam materials accurately in order to predict the dynamic failure process of the dam with higher precision. Hence, in the future, it is necessary to further strengthen the research on the mechanism of debris-flow dam failure, accurately describe the evolution process of the breach, establish the physical model of debris-flow dam failure based on dynamics, and establish a prediction model of the peak discharge of debris-flow dam failure.
3) The hazard chain of river-blocking debris flows and dam failure is a common type of mountain hazard chain, with continuous evolution and strong destructive power. Although researchers have made some progress in the blockage and breach models, the investigations are designed and conducted separately. Also, related studies are still lingering over the initial stage, mainly focusing on typical case studies of the hazard-inducing environments, inducing factors, basic characteristics, and prevention measures. In addition, the research study on the risk assessment and key prevention and control technology of the disaster chain caused by debris flows is still in the initial stage of exploration. The traditional risk assessment theoretical methods and key prevention and control technology for a single disaster type are no longer applicable to the disaster chain caused by debris flows, especially because the current understanding of the whole dynamic evolution process of the disaster chain is not enough. In this regard, it is worth noticing the critical conditions and dynamic evolution process of hazard type transformation, conducting in-depth and systematic investigations on the hazard chain, and completing a quantitative description of the whole process of the hazard chain. Finally, a complete hazard chain risk assessment system should be established, and some key prevention and control technologies suitable for the hazard chain should be developed as well, including new materials, prevention and control projects, and emergency plan measures.
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Ground collapse has been one of the main types of geological disasters in Wuhan City. It can be characterized by complex disaster-inducing environment, diverse disaster-causing factors, fragile disaster-bearing bodies, and serious consequences. In this study, a 3D geological structure model of the area was established by collecting data from major ground collapse incidents in Wuhan that have occurred over the years and by combining them with geological data obtained from boreholes. The model was used to analyze the distribution of ground subsidence in the city and reveal the geological causes of ground subsidence accidents in this area. The results showed that ground collapse is mainly distributed in the karst development area along the Yangtze River in Baishazhou. The karst was most developed at the intersection between the Yangtze River fault and the Hanyang fold belt. The ground collapse incidents showed two main characteristics in terms of their spatial distribution. Most of the collapse areas developed in the central third limestone belt. Most of the collapses are located on the first terrace of the Yangtze River. Most collapse points were controlled by geomorphic units (first terrace), stratigraphic age (Holocene) and stratigraphic combination (a binary structure composed of clay as the upper part and fine sand as the lower part, and the bottom is a gravel layer, containing pore confined water). The karst collapse in Fenghuo Village was selected as a case study to analyze the evolution process and disaster-causing mechanism of the karst collapse. Groundwater extraction was found to be the main reason for the karst collapse. The research results provide a geological basis for the planning layout and urban construction in Wuhan City.
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INTRODUCTION
In China, soluble rock covers an area of approximately 346.3 × 104 km2, accounting for more than 1/3 of the land area. China is one of 16 countries with serious karst ground collapse problems. More than 30 large- and medium-sized cities and more than 420 counties and cities are in the high-risk areas of karst ground subsidence. More than 40 mines, 25 railway lines, and hundreds of reservoirs have suffered from karst ground collapse for a long time. Karst is most developed in Guangxi, Guizhou, Hunan, Jiangxi, Hubei and other provinces (regions). With economic development and urbanization, particularly with the continuous expansion of the scale of urban infrastructure construction, karst-inducing geology and geological disasters are becoming increasingly prominent in cities with a carbonate distribution (such as Guangzhou, Wuhan, and Guilin, etc.). Due to the characteristics of karst development, many karst voids (such as karst fissures, karst caves, etc.) are often formed under the cover of Quaternary strata; these are close to the surface and closely related to human production activities. Human activities, such as excessive exploitation of karst water, surface water storage, and geotechnical engineering construction, may destabilize the karst voids and cause ground collapse accidents. Therefore, karst ground collapse disasters often occur in densely populated cities or traffic lines, threatening people’s lives and property.
Karst ground collapse is the result of the joint destruction of the overlying soil and underlying soluble rock, which is significantly affected by the lithology and structure of the strata. Research on karst ground subsidence first appeared in Russian newspapers during the period 1771–1809. In 1914, Su Pan reported the issue of environmental changes induced by karst collapse. In 1973, Germany held the first International Symposium on “Karst Subsidence and Subsidence—Engineering Geological Issues Related to Soluble Rock” in Hannover. In 1978, the Western Kenta University established the Karst and Cave Research Center. Atzori et al. (2015) applied the InSAR technology to model the land subsidence along the Dead Sea coastline to study the spatiotemporal relationship between the degree of coastline land subsidence and karst collapse. This technique has been extended to other environments prone to collapse such as chemical sedimentary environments (Klimchouk and Andrejchuk, 2005; Yilmaz et al., 2011) and carbonate environments (Gutiérrez et al., 2014). Zuo et al. (2009) used the 3D seismic technology to detect the spatial form of Xieqiao karst collapse, and the DDA method to calculate the deformation field; the authors analyzed the collapse mechanism, and for the first time, studied the influence of rock friction angle on the collapse based on the DDA. Li et al. (2013) believed that the main factors affecting karst collapse include the degree of karst development, coverage conditions and hydrogeological conditions. Using the BP neural network theory, a disaster risk assessment model for Wuhan was established, and the karst collapse risk division was evaluated. Koutepov et al. (2008) found that when the force of gravity is greater than the soil strength, a change in the groundwater level in the carbonate aquifer will lead to ground collapse; the authors applied the GIS technology to delineate the potential gravity collapse and erosion of collapsed areas. He et al. (2004) believed that the water pressure effect was the main factor inducing karst collapse. Shalev and Lyakhovsky (2012) used a 2D elastic-plastic damage rheological numerical model based on collapse data to study the rheological properties of large-scale soil cover. Luo (2014) studied the distribution characteristics of karst collapse in Wuhan, the history of karst development, and the causes and mechanism of karst ground collapse. Feng et al. (2001) collected data from 654 karst collapse incidents that occurred in Guilin in the past 40 years and analyzed their genetic types and temporal and spatial distribution characteristics.
A visual 3D geological model can effectively reflect the strata distribution and structural planes in 3D space and help directly observe and analyze the relationship between engineering structures and unfavorable geological conditions such as fault zones and weak interlayers. Zhu et al. (2013) established a 3D geological model based on geological concepts to thoroughly understand the subsurface. In Paris, Gypsum dissolution can be the cause of damage associated with subsidence and collapse, Thierry et al. (2009) developed a multi-layer 3D geological model using the same 20 m mesh grid, integrating 21 lithostratigraphic units. The hazard prone areas were calculated by geostatistical methods from the archived descriptions of more than 3900 boreholes and from existing geological maps. In terms of construction and application of 3D geological models, it has been widely used in geological surveys (Kessler et al., 2009), geophysical inversion (He et al., 2014), 3D mine simulation (Vollgger et al., 2015), and water resource assessment (Hassen et al., 2016).
Research on karst ground collapse is relatively abundant. However, the visualization and analysis of karst ground collapse by means of 3D geological modeling is not yet mature. Based on previous research, this study considered the karst ground subsidence in Wuhan as the research object and two banks of the Yangtze River in the Baishazhou karst belt in the central and southern parts of the city as key research areas. The 3D geological modeling software was used to transform geological information with an uneven, discontinuous and scattered spatial distribution into a visual, continuous, and intuitive 3D geological body and 3D model of the karst distribution. It can reflect the actual underground geological karst. Combined with the 3D geological model and existing geological data, the temporal and spatial distributions of karst ground collapse in the study area and the geological reasons for the frequent occurrence of karst ground collapse accidents in this area were analyzed. The karst collapse area in Fenghuo Village was selected as a typical case, for which a 3D karst distribution model was established, and the evolution process and disaster mechanism of the collapse were analyzed.
BASIC SITUATION OF GROUND COLLAPSE IN WUHAN
The necessary and sufficient conditions for karst ground collapse are: 1) The bedrock is soluble carbonate rock, and the shallow karst caves are developed; 2) The overlying Quaternary loose deposits are generally not thick; 3) The dynamic condition of groundwater changes easily, and the velocity and hydraulic gradient of the groundwater near the interface between the bedrock and the soil layer produce a high hydrodynamic pressure, which has potential erosion ability, and soil particles are carried away by the water. Therefore, karst ground subsidence is generally distributed in areas with strong karst development and thin Quaternary loose cover and on both sides of the riverbed along the river.
Wuhan is located in the eastern Jianghan Plain, with a carbonate rock distribution area of approximately 1100 km2, accounting for approximately 13% of the city’s land area. Tectonically, it is located in two I-level tectonic units, the Qinling fold system and the Yangtze paraplatform. The terrain is low in the middle and flat in the south. It is surrounded by hills and ridges, and there are many low mountains in the north. The Indosinian movement at the end of Middle Triassic created the basic structural outline of Wuhan area and controlled the plane distribution of the carbonate strata. From north to south, six karst belts were formed: Tianxingzhou belt (L1), Bridge belt (L2), Baishazhou belt (L3), Zhuankou belt (L4), Junshan belt (L5), and Hannan belt (L6). Figure 1 shows the distribution of the karst belts.
[image: Figure 1]FIGURE 1 | Distribution diagram of karst belt and ground collapse in Wuhan City. 1. Karst ground collapse; 2. Karst belt.
The human engineering activities in Wuhan have destroyed the original geological environment conditions, leading to poor geological environment conditions, triggering and aggravating the occurrence of geological disasters. As of 13 January 2020, Wuhan has seen 125 existing geological disasters, including 32 ground collapses. The development scale of ground collapse in Wuhan is small. Currently, there are 31 small ground collapses and 1 medium ground collapse, accounting for 96.88 % and 3.12%, respectively. The medium-sized collapse is the ground collapse of Fenghuo Village. There are 22 collapse pits, with a total area of about 10400 m2 and an average depth of 40 m. In small collapses, the distribution area of the collapse pits is mostly less than 1 000 m2, the average area is 918.98 m2, and the depth is generally less than 10 m. Some collapse pits have a depth greater than 20 m and area greater than 5000 m2.
In more than 80% of the karst collapse areas in Wuhan City, the upper cover layer is a Quaternary loose alluvial with a fluvial binary structure: the upper part is clay, and the lower part is sandy soil. Figure 1 shows the recent ground collapse statistics for Wuhan.
ESTABLISHMENT OF A 3D GEOLOGICAL STRUCTURE MODEL OF THE SURVEY AREA
According to statistics, most of the karst collapses in Wuhan are currently distributed in the Baishazhou karst belt, which is located at the core of the Xinlong-Leopardsui complex inverted syncline. In this study, the two sides of the Yangtze River along the Baishazhou karst belt in the central and southern urban areas of Wuhan City were selected as the key survey areas, with a total area of 123.68 km2, involving three central urban areas of the city, including Wuchang District, Hanyang District, and Hongshan District, and the Wuhan Economic and Technological Development Zone. The area ranges from east to west of the South Lake in Hongshan District, west to Longyang Village in Hanyang District, north to Wuhan Yangtze River Bridge, and south to Zhuankou to Qingling District.
Most of the bedrock in the study area is hidden under the Quaternary soil layer, and the main lithology is limestone, marl, mudstone, dolomite, and quartz sandstone. The Quaternary loose accumulation layers are mainly alluvial, flood alluvial, lacustrine, and artificial fills induced by human engineering activities. The Quaternary soil layer has a thickness in the range of 10–50 m and composed of silty clay, sand, and gravel. The types of groundwater in the area include loose rock pore water, clastic rock fissure water, and carbonate rock fissure karst water. Underground engineering construction in such a geological body can cause adverse geological disasters such as ground subsidence, piping, and ground collapse. A 3D geological model is a mathematical modeling process based on multisource geological data, such as geological borehole stratification, profile, fractures, and folds, combined with certain mathematical simulation methods. This study used a 3D modeling technology to establish a 3D geological structure model of the survey area, combined with existing geological data, and analyzed the causes of ground collapse disasters in the area.
In this study, data from 4416 boreholes were collected, from which 2433 bedrock holes were selected as effective holes for modeling. Based on the regional survey data, the standard layered table of drilling holes in the study area was summarized, and the effective holes were sorted out and analyzed based on the layered table. Subsequently, depending on the requirements of the basic data of modeling, a preliminary model was built, and the fine processing work was conducted according to the geological section and geophysical profile. The final modeling work was completed. The area of the constructed 3D model was 123.68 km2. Figures 2, 3 show the final karst distribution diagram and the distribution map of the karst ground collapse in the study area, respectively.
[image: Figure 2]FIGURE 2 | Diagram of karst distribution. 1. Yangtze River; 2. Carbonate rock; 3. Quaternary strata.
[image: Figure 3]FIGURE 3 | Distribution of karst ground collapse in the study area. 1. Buried karst area; 2. Covered karst area; 3. Nonsoluble rock area; 4. Karst collapse.
From Figures 2, 3, three hidden soluble rock belts can be seen in the study area. The distribution area of the hidden soluble rock was 71.43 km2, accounting for 57.75% of the total area of the study area, including covered karst area and buried karst area. Covered karst area refers to the area where carbonate rock is mostly covered by Quaternary sediments, and only sporadic bedrock outcrops can be seen locally. Buried karst area refers to the area where Cretaceous-Paleogene mudstone and siltstone cover directly above the carbonate rock. Because of the thick cover, karst phenomenon is not exposed on the surface. The concealed soluble rock in the area are generally distributed in the NWW-SEE direction. In some areas, the karst belts are bent or discontinuous due to the influence of the structure, and the belt width is in the range of 0.8–6 km. Controlled by the structure and topography, the concealed soluble rock is mainly located in the core of the syncline, and a few in the wing of the syncline. The soluble rock strata is mainly limestone of the Lower Triassic Daye Formation (T1d), limestone of the Middle Permian Qixia Formation (P2q), and dolomitic limestone of the Upper Carboniferous Huanglong-Dapu Formation (C2h + d). The study area can be roughly divided into three concealed soluble rock belts from north to south.
(1) Bridge Karst Belt (L2): The concealed karst area is located in the southern end of the bridge karst belt, Canghu Road in Hanyang District-Yangtze River coast-Wuchang District Zhongtie Building area. The distribution area is about 1.21 km2, accounting for 1.69% of the total area of the soluble rock belt in the study area. The first-order cover layer is an alluvial layer with a dual structure, and the higher order is the old clay. The area is covered karst area, and karst collapse occurred at the Civil Affairs School in Wuchang District outside the northern research area.
(2) Baishazhou Karst Belt (L3): The hidden karst area is located in the middle of the Baishazhou karst belt along the Yangtze River, Taizi Lake-Hanyang National Expo Center-Zhangjiawan-Xunsi River area, located in the Xinlong-Leopard-Zui complex. The total area of the belt is 60.26 km2, accounting for 84.36% of the total area of the soluble rock belt in the study area, with a north-south width in the range of 2.45–6 km. First-order terrace capping sand layer is developed and in direct contact with the limestone. Most of the belts are buried karst areas, and only areas along the Yangtze River in the north and the Xunsi River in the southeast are mainly covered karst areas. This area has seen 78% of the karst collapses that occurred in Wuhan, and the collapses are mainly distributed in Baishazhou Avenue, Qingling Township, Wutai Gate, Zhangjiawan and other locations along the Yangtze River.
(3) Zhuankou Karst Belt (L4): This hidden karst area is located in the area of Jiangyongdi-Qinglingsi-Xingang Village at the northern end of the Zhuankou karst belt. The distribution area of this belt is about 9.96 km2, accounting for 13.9% of the total area of the soluble rock belt in the study area, and the caprock is old clay. The karst belt along the Yangtze River is mainly a buried karst area.
TEMPORAL AND SPATIAL DISTRIBUTION CHARACTERISTICS OF KARST GROUND SUBSIDENCE IN STUDY AREA
Temporal Distribution
Temporal, karst ground collapse accidents in the study area have mainly occurred after 2005. In recent years, the frequency has increased, the time interval has decreased, and such accidents may recur after a period of time. Figure 4 shows the time distribution of the karst collapse in the study area. Since 2009, karst ground collapse accidents have occurred almost every year, including 5 in 2009 and 4 in 2014. This is related to the increase in urban development and engineering construction activities in this area in recent years. Since the Wuhan government attaches great importance to the prevention and control of karst collapse, and strengthens the engineering control in karst areas, the frequency of karst collapse accidents decreases after 2015. Temporally, such incidents appear every month; however, they are particularly serious in the April-August period, which is the rainy season in Wuhan City. The rainfall is abundant, the groundwater level fluctuates significantly, and the infiltration of rainwater changes the physical and mechanical properties of the overlying soil and becomes the driving force for ground collapse in hidden karst areas.
[image: Figure 4]FIGURE 4 | Temporal distribution of karst collapse in the study area
Spatial Distribution
Judging from the geological environment of the collapse point, all karst ground collapses in the region are distributed in the binary structure alluvium (Qh) of the first terrace of the Yangtze River, the Baishazhou karst belt, and the Xinlong-Leopardsui complex inverted syncline. In the core, the karst confined water head in the collapsed section is lower than the alluvial pore confined water head. The overlying alluvial of the karst ground collapse in the area is the Quaternary loose alluvial with a binary structure composed of upper clay and lower sand in the first-order terrace of the Yangtze River. The alluvial thickness is mostly between 20 m and 35 m. Most of the underlying rock is the lower Triassic Daye Formation limestone (T1d) and the Permian Middle Qixia Formation limestone (P2q). There are some developed karst fissures and karst caves with a height range of 0.1–5 m. Although there is carbonate rock karst bands in the old clay of the second and third terraces of the Yangtze River, there has never been a ground collapse accident because of the lack of soil caves.
TYPICAL CASE ANALYSIS
The karst subsidence area of Fenghuo Village is located on the east side of the study area, around Fenghuo Village, Qingling Street, Hongshan District, Wuhan City. It is located at the front edge of the first-level terrace of the Yangtze River, covering an area of 0.12 km2. There have been three karst collapses in the area: the karst collapse of Qiaomuwan in Fenghuo Village in 2000; the karst collapse of the Jiangnan Zhumu Market in Fenghuo Village in 2005; and the karst collapse of the steel market in Fenghuo Village in 2009. The karst collapse of Qiaomuwan in Fenghuo Village in 2000 is selected as a typical case for analysis.
As shown in Figure 5, on 6 April 2000, the largest karst collapse in the history of Wuhan City occurred in Qiaomuwan of Fenghuo Village. There were 19 collapse pits, which were concentrated in the second and third groups of the residential areas and vegetable fields. Among them, the plane shape of the largest collapse pit is oval, with a long axis of 54 m, a short axis of 33 m, and a depth of 7.8 m. The plane shape of the smallest pit is circular, with a diameter of 2.0 m and a depth of 2.0 m. In August 2005, another ground subsidence occurred near the original subsidence pit. The subsidence pit is oval in the plan and dish-shaped at the section, with a long axis of 4.5 m, a short axis of 4.0 m, and a visible depth of 1.07 m.
[image: Figure 5]FIGURE 5 | Karst collapse incidents in Fenghuo Village. Karst collapse in Fenghuo Village (2000), Karst collapse in Fenghuo Village (2009).
This area belongs to the front of the first terrace of the Yangtze River in terms of topography and landform, where is an alluvial plain landform, and aquifer thickness is 15.00–16.19 m, permeability coefficient is 29.32–37.80 m/d. In terms of the geological structure, it is located in the core of the Heyeshan synclin, which is a multilayer structure. The underlying bedrock is the lower Triassic Daye Formation (T1d) limestone. Figures 6, 7 show the geological profile and the 3D morphological schematic of the karst distribution, respectively. The karst collapse area of Fenghuo Village has karst caves in the limestone. The overlying soil layer is relatively loose, with sandy soil in the middle. The karst development volume is large, and the overlying soil layer is thin. The surface karst zone is located in the shallow part of the soluble rock, mostly in the range of 5 m of the bedrock surface, and the buried depth is 27–36 m. It is connected with the lower karst development area by the fracture channel and has hydraulic interaction.
[image: Figure 6]FIGURE 6 | Geological profile of Qiaomuwan collapse area in Fenghuo Village. 1. Miscellaneous fill; 2. Silty clay; 3. Muddy-silty clay; 4. Silty soil; 5. Fine sand; 6. Medium and coarse sand with gravel; 7. Residual soil; 8. Silty siltstone; 9. Limestone; 10. Quaternary artificial fill; 11. Quaternary alluvial layer; 12. Quaternary residual layer; 13. Cretaceous-Paleogene Gonganzhai Formation; 14. Lower Triassic Daye Formation; 15. Drilling number; 16. Cave; 17. Unconformity boundary.
[image: Figure 7]FIGURE 7 | 3D shape of karst distribution in Qiaomuwan karst collapse area of Fenghuo Village.
Analysis of Karst Collapse Evolution Process
The karst ground collapse process of Qiaomuwan in Fenghuo Village can be characterized by soil cave formation, development and final ground collapse. The evolution process of the karst ground collapse can be roughly divided into three stages; Figure 8 shows the evolution process diagram.
1) Primitive stability stage: There is a certain head difference between Quaternary pore water and karst water. Quaternary pore water supplies karst water; however, the seepage gradient is small, and the sand layer is in a relatively stable state.
2) The combined action stage of artificial and natural factors: In this stage, groundwater is artificially extracted, and karst water is strongly exploited to form a drop funnel, resulting in the seepage of pore water to promote the loss of small particles in the loose deposits, and a small soil cave is formed near the karst gap. Under the effect of seepage force of rainfall, noncohesive particles (such as sand particles) are rapidly lost, and the soil cave expands.
3) Collapse stage: After the soil cave reaches a certain scale, the upper cover layer is close to the critical arch height. Under the action of triggering factors such as ground vehicle load, the collapse-inducing force of the soil arch becomes greater than the anti-slump force, the soil arch is damaged, and the soil at the top of the cave loses its balance. This causes a rapid slump, affecting the ground and eventually forming a ground collapse.
[image: Figure 8]FIGURE 8 | Schematic of the evolution process of karst collapse in Fenghuo Village. 1. Primitive stability stage, 2. Combined action stage of artificial and natural factors, 3. Collapse stage. 1. Viscous soil 2 Sandy soil 3 Soluble rock 4 Pore water level 5 Karst water level 6 Cavity 7 Flow direction.
Mechanism Analysis of Karst Collapse
The factors leading to karst ground collapse are divided into internal and external factors. Internal factors are related to the geological environment of the region, and external factors are related to dynamic conditions.
The karst geological structure of the Qiaomuwan karst collapse in Fenghuo Village is a three-layer structure: cohesive soil in the upper part, sandy soil in the middle, and soluble rock in the lower part. Under the effect of external factors, this geological structure is directly formed; or when the cohesive soil on the soluble rock is damaged, the sand particles leak out, and the ground collapses. The karst collapse area of Fenghuo Village has two types of groundwater: Quaternary pore-confined water in the upper silty sand layer and fractured karst water in the underlying carbonate rock. The three periods of karst ground collapse were all in the dry season of Wuhan City, with less rainfall, and the water level of the Yangtze River remained low. Before the collapse, there were pumping wells operating in the area. According to the data, the pore confined water was exploited. When the exploitation rate was 70 m3/h, the drawdown could reach 9.90 m. According to Kusakkin formula, the influence radius of arbor bay in Fenghuo village can be obtained when mining pore confined water.
[image: image]
where, R is radius of influence (m); S is drawdown (m); H is aquifer thickness (m); K is permeability coefficient (m/d).
According to Eq. 1 and previous drilling data, taking aquifer thickness of 15 m, permeability coefficient of 30 m/d, the influence radius was about 420 m. In the karst collapse area of Fenghuo Village, under natural conditions, the pore water level was higher than the karst water level, and the pore water moved vertically downward to replenish the karst water. Owing to its permeability, the water carried the overlying sand particles into the lower karst pipeline system. When the pumping wells were continuously pumped with a high intensity (such as the drought resistance in the dry season), the water level dropped sharply to form a landing funnel. The radius of the landing funnel was greater than 420 m, the central water level drop was greater than 9.90 m, and the edge and central hydraulic gradient of the landing funnel was greater than 23.57‰. When the pore water level dropped below the karst water level, the karst water recharged the pore water from the bottom to the top, and the water moved upward. The uplift pressure of the karst water also led to soil destruction. The seepage force of the water and the uplift pressure of the water showed alternate characteristics, resulting in a potential erosion of the fine particles and the formation of disturbed soil layers (soil holes) in the soil. With the continuous development of the soil hole, a large-scale collapse occurred.
The causal mechanism of the collapse is mainly the effect of subsurface erosion and seepage caused by the exploitation of groundwater. It is a type of collapse largely influenced by human factors.
CONCLUSION
The geological environment of Wuhan city is complex. Carbonate rocks is widely distributed and covered by Quaternary strata. Due to the solubility and water insulation of rocks, they could be divided into six karst belts. The existence of karst voids in the karst belt, and the combination of Quaternary loose alluvial deposits and underlying limestone strata with a binary structure composed of sand in the lower part and clay in the upper part formed the geological basis for the occurrence of karst ground collapse disasters. Taking the two sides of the Yangtze River in the Baishazhou karst belt in the central and southern parts of Wuhan city as the key research area, a 3D geological modeling was conducted using data collected from the boreholes, and the karst belt in the study area was displayed using a visual 3D model. The karst belt was composed of some carbonate rocks with large volume and certain connections, which were close to each other. The karst ground collapse disaster points in the study area were distributed in the Baishazhou karst belt. The geological environment of the collapse points was roughly the same, i.e., the combination of Quaternary sand and cohesive soil and underlying limestone.
The Fenghuo Village was selected as a typical karst ground subsidence area for the research. From the geological section and 3D geological model, karst cavities were found in the limestone of this village, and the Quaternary soil layer was an artificial filling soil layer, which was relatively loose. Under normal conditions, the karst water level in the region was lower than the pore water level, and the pore water supplied karst water downward, which was in a stable state. The area is filled with engineering activities. Karst water had been extracted for engineering construction, and the water level dropped. At this time, the karst cavity continued to expand under the effect of permeability until the coating soil layer on the top of the cave reached its critical height. Under the action of traffic load acting on the road, the collapse force of the soil arch was greater than the anti-collapse force, and the soil arch was destroyed, ultimately leading to collapse.
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A modified VG model considering both pore ratio and temperature effect is constructed. Based on the wet-thermal elasticity theory and mixture theory, coupled thermo-hydro-mechanical (THM) equations for moisture migration, heat transfer, and deformation in unsaturated soil are derived. The numerical implementation of the coupled theory was implemented by secondary development in the finite element platform. The validity of the established theoretical equation was verified by comparing it with the experimental data. Then the THM coupling response characteristics and internal mechanism of axisymmetric soil samples were numerically analyzed. Study shows that the water in unsaturated soil migrates from high-temperature zone to low-temperature zone under temperature load, and the permeability will change during the process of moisture absorption and dehydration. Particular attention should pay to the reasonable determination of the parameters in the modified VG model for the warming and cooling process of different measurement points during the numerical calculation. The higher the heat source temperature, the greater the saturation at the specific measurement point of the soil sample at thermal stability. The lower the heat source temperature, the shorter the time required for the saturation to stabilize at the specific measuring point. The volumetric strain of unsaturated soil results from a combination of wet expansion and thermal expansion, which is dominated by wet expansion near the heat source and mainly by thermal expansion far from the heat source. The change of the total displacement with time is dominated by the z-direction displacement, and its change trend along the radial direction is similar to that in the r-direction. The peak of the total displacement curve keeps moving backward with time.
Keywords: modified VG model, THM coupling, secondary development, numerical simulation, impact effect
INTRODUCTION
The THM multiphysics coupling process in unsaturated soil plays a significant role in engineering geology or environmental engineering (Hu et al., 2021). It has crucial applications in many areas, such as deep underground resource mining, geothermal resource development, nuclear waste disposal, and so on (Fu et al., 2020; Bai et al., 2021a; Bai et al., 2021b; Zhou et al., 2022). The theoretical model and numerical solution techniques for the THM coupling describing the characteristics of seepage, heat transfer, and mechanical behavior of unsaturated soils have become an important research content.
The research history of the THM coupling problem of unsaturated soil is relatively tortuous. The physical field develops from two fields to multiple fields, the influencing factors are considered from single to multiple, and the theoretical model is established from simple to complex. Booker (Booker and Savvidou, 1984) and Savvidou (Savvidou and Booker, 2010) theoretically solved the THM coupling problem using the mathematical transformation, and provided an analytical solution under the effect of point and cylindrical heat sources. Ghorbani et al. (2016) developed a theoretical model to completely describe the hydro-mechanical coupling phenomenon in non-saturation soil under static or dynamic loads, and verified the correctness of the established model through case analysis. Chen et al. (2009) established a theoretical model of the THM coupling problem in the three-phase system, and then the numerical analysis was performed based on the developed 3-D computer code THYME3D. Li et al. (2016) developed a mathematical model describing the THM coupling process by considering the three transport behaviors of convection, molecular diffusion, and mechanical escape of pollutants in unsaturated soil, and applied it to the simulation of an engineering clay barrier system. Akrouch et al. (2016) studied the heat exchange efficiency and hydrothermal coupling response characteristics of the heat source columns, and gave a calculation formula to quickly evaluate the heat exchange efficiency of heat source columns under different saturation levels. Recently, based on the theory of particle thermo-dynamics, Bai et al. (2021c) developed a new multi-field coupling theory considering the rearrangement of soil particles in the deformation process describing the microscopic changes of unsaturated soil particles under different loads. The soil-water characteristic curve (SWCC) is an effective mean of describing the hydraulic characteristics of unsaturated soil. It has been widely accepted in the theoretical derivation of the THM coupling problem by the numerous above scholars. However, the SWCC is difficult to obtain accurately due to multiple factors, resulting in incomplete numerical calculation and theoretical analysis.
Tarantinod (Tarantino, 2015) investigated the water-retention behavior of unsaturated soil across a wide scope of void ratios and then confirmed how void ratios affect the SWCC of unsaturated soil. Ghavam-Nasiri et al. (2019), Gallipoli et al. (2003), and Azizi et al. (2017) also analyzed the influence of void ratio on SWCC in different ways. The study reveals that the hydraulic properties can be more effectively described through establishing an SWCC that considers the pore ratio effect. In addition, temperature, as the main factor affecting the SWCC, has also been proved by many experiments. For example, Liu et al. (2002) conducted experimental research using an improved negative pressure soil tensiometer, indicating that temperature impacts the water potential of unsaturated soil. Cao et al. (2021) tested the SWCC of unsaturated soil under different heat loads and densities conditions using a filter paper-based method, and obtained the changing profile of SWCC. Romero et al. (2001), Jacinto et al. (2009), and Villar and Lloret, (2004) carried out numerical experiments to study the effect of temperature on the moisture redistribution in seepage processes, and modified the classical SWCC considering the temperature effect to improve calculation accuracy. It is clear that the void ratio and temperature have a significant impact on the SWCC. However, it is rare to introduce the above two main factors simultaneously when modifying and optimizing the unsaturated SWCC.
Based on the classical VG model, this paper develops a modified VG model that takes the pore ratio and temperature effect into account. The THM coupling equation of unsaturated soil, which describes the moisture migration, heat transfer, and mechanical response in unsaturated soil, is derived based on the wet-thermal elasticity theory. The second developed COMSOL numerical platform was used to calculate the indoor tests to verify the constructed theoretical model. Then the coupled THM response characteristics of unsaturated soil was analyzed.
MODIFIED VG MODEL
van Genuchten, (1980) proposed a smooth and closed three-parameter mathematical model in 1980 to fit the SWCC. The expression is as follows:
[image: image]
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where α, n, and m are fitting parameters; Sew is the effective saturation; Sr is the residual saturation; Sw is the pore water saturation; Ss is the maximum saturation; Hc is matrix suction head; According to the work of Zhang et al. (2020), the SWCC fitting test of unsaturated soil was carried out based on Eq. 1. It can be observed from Figure 1 that the void ratio significantly affects the SWCC of unsaturated soil, and the increase in the void ratio causes the SWCC to shift. In addition, the SWCC curves for different pore ratios were plotted by fitting calculations using the experimental data (as shown in Figure 2).
[image: Figure 1]FIGURE 1 | Fitted SWCC with different void ratios.
[image: Figure 2]FIGURE 2 | SWCC with different void ratio.
The effects of the three parameters α, n, and m on the shape variation of the VG model are given in Figure 3. According to Figure 3A, it can be seen the change of n causes SWCC to rotate around the turning point, and the change of m mainly affects the change of SWCC in the high suction region from Figure 3B. Comparing Figure 3C with Figure 2, it can be seen that there is a high similarity in the morphological changes of SWCC caused by the change of parameter α and pore ratio. In addition, according to the test of Tarantino, (2015), the relationship between void ratio and matrix suction approximately is a power function. Therefore, the correction considering the pore ratio effect on the classical VG model can start from the parameter α to introduce a correction term in the form of a power function. As opposed to establishing a connection between the parameters m and n (as shown in Eq. 2), the SWCC fitted by treating the parameters as independent variables agrees well with test data (Lu and Likos, 2004). The modified VG model considering the effect of void ratio is as follows:
[image: image]
where e is void ratio; αm, nm, and mm are the fitting parameters of the modified VG model; b is the new proposed fitting parameter.
[image: Figure 3]FIGURE 3 | SWCC of unsaturated soil with different parameter values.
In numerical analysis, the influence of temperature on the VG model is generally reflected by fitting parameters α, n, and m (Romero et al., 2001; Jacinto et al., 2009). Qiao et al. (2019) tested the VG fitting parameters of unsaturated soil at different temperatures based on experiments. The fitting calculations indicated that fitting parameters decrease linearly with the temperature increas (as illustrated in Figure 4). Therefore, it is assumed that the modified VG model parameters αm, nm, and mm are linearly related to temperature:
[image: image]
[image: Figure 4]FIGURE 4 | Changes in VG model parameters of unsaturated soil at different temperatures.
where T is temperature; α0, n0, and m0 are fitting parameters at the reference temperature T0; λα, λn, and λm are the fitting parameters of the modified VG model. Then the modified VG model considering the effects of temperature and void ratio can be obtained from Eqs 3, 4 as follows:
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where Pc (Pc = Pg-Pw) is matrix suction; Pw and Pg are pore water and pore gas pressure, respectively; ρw is pore water density; g is the acceleration of gravity.
THM COUPLING MODEL
Seepage Differential Equation
Unsaturated soil is a three-phase multi-component porous material made up of pore water, pore gas, and solid particles. According to the mixture theory (Malakpoor et al., 2007), The mass conservation law of each phase is as follows:
[image: image]
where ϕi, ρi, and vi represent the volume fraction, density, and velocity of each component; The subscript i can be replaced by w, g, and s, representing pore water, pore gas, and solid particles, respectively. The volume fraction of each component is as follows:
[image: image]
where n is porosity; Sg is the saturation of pore gas, and Sg = 1-Sw. When pore water is incompressible and the gravity effect is considered, the velocity v of each phase in unsaturated soil has the following relationship (Rutqvist et al., 2001; Bai et al., 2020a):
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where K is permeability; Krw and Krg are the relative permeability of pore water and pore gas, respectively; μw and μg are the viscosity coefficients of pore water and pore gas, respectively; uw and ug are the average relative velocity of pore water and pore gas in the cross section of porous media, respectively. In addition, there are the following relationships (Qin, 2010):
[image: image]
where εv is volumetric strain. After the formula (11) is introduced into the mass conservation equation of solid particles, it can be calculated (Guo, 2018):
[image: image]
Based on Eqs 8–12, the seepage differential equation of pore water for unsaturated soil can be obtained as follows:
[image: image]
The seepage differential equation of pore gas is:
[image: image]
where Cp and CT are water-holding coefficients under capillary action and temperature action, respectively, which are two critical parameters of the seepage differential equation. They reflect the two driving effects in the seepage process and are determined by the SWCC (Guo and Bai, 2018). The following expressions can be obtained based on the modified VG model:
[image: image]
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Heat Transfer Differential Equation
When ignoring the influence of soil particle displacement on heat transfer, the energy conservation equation can write as (Rutqvist et al., 2001; Bai et al., 2017; Bai et al., 2022):
[image: image]
where Km is the bulk modulus of soil particles; ew, eg and es are the internal energy per unit mass of pore water, pore gas and solid particles, respectively; βT and βM are the linear thermal expansion coefficient and linear moisture expansion coefficient of soil particles, respectively; hw, hg and hs are the heat content per unit mass of pore water, pore gas and solid particles, respectively; kt is the overall thermal conductivity; Q is the total heat source strength. The first item in Eq. 17 is the energy differential per unit time between entering and leaving; The second item is the energy caused by the fluid pressure change (Nowacki, 1970; Busch and Schade, 1976); The third item is the internal energy change rate in unsaturated soil; The fourth term is the change rate of reversible elastic energy due to strain of solid particles (Nowacki, 1970; Bear and Bachmat, 1990); The fifth item is the heat conduction term. The internal energy constitutive equation can be expressed as (Guo, 2018; Bai et al., 2020b):
[image: image]
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where ei is the internal energy per unit mass; hi is the heat content per unit mass; cvi and cpi are constant volume and constant pressure specific heat, respectively. The subscript i can be replaced by w, g, and s, representing pore water, pore gas, and solid particles, respectively. By substituting Eqs 9–12, 18, 19 into Eq. 17, the heat transfer differential equation can be obtained as follows:
[image: image]
As a key thermodynamic parameter for numerical calculation, the overall thermal conductivity can be expressed as (Côté and Konrad, 2005):
[image: image]
Where ks, kw, and kg are thermal conductivity of solid phase, liquid phase, and gas phase respectively; θw is volumetric water content.
Principal Equation
According to the equivalent stress principle of unsaturated soil developed by Zienkiewicz et al. (1990), (Zienkiewicz et al., 1990), and Bear and Bachmat. (1990) and the effective stress increment equation developed by Rutqvist et al. (2001), the total stress in unsaturated soil is:
[image: image]
where σ is the total stress; ε is total strain of solid skeleton; D and I are the tangential stiffness matrix and the unit matrix, respectively.‾P is weighted average pore pressure; αB is the Biot coefficient; εP, εT, and εS are respectively the solid skeleton strains caused by pore pressure, temperature, and humidity, which are given by the following formula (Bai and Li, 2013; Bai et al., 2014; Fu et al., 2017; Guo, 2018):
[image: image]
Then the stress-strain relationship in unsaturated soil is:
[image: image]
NUMERICAL VERIFICATION AND COUPLING RESPONSE CHARACTERISTICS
Physical Model and Parameters
To verify the reliability of the THM coupling theory constructed in this work, the numerical calculation was carried out based on the indoor test of unsaturated clay in the literature (Bai et al., 2020b), and the THM coupling response characteristics were analyzed. The physical model used in the calculation conforms to the axisymmetric (as given in Figure 5). The radius of the outer cylindrical surface of the sample is 0.5 m, and the height is 0.5 m; The radius of the heat source column is 0.02 m, and the height is 0.5 m. The symmetry axis of the heat source column coincides with the soil column. The four measuring points A, B, C, and D for temperature and moisture content were arranged sequentially outward from r = 0.078 m with a spacing of 0.1 m. The normal displacement of all boundaries of the hollow axisymmetric soil column (including the upper and lower base surfaces, inner and outer cylindrical surfaces) is zero. The soil under the action of the heat source is a closed system (no material exchange with the external environment). During the test, the top and bottom surfaces of the soil were adiabatic, and the outer cylindrical surface remained constant at 25°C. The initial temperature and initial volumetric water content of soil samples are 25°C and 19.6%, respectively. The temperature of the heat source rises to 80°C in a short time and remains constant for 5 days (a heating process), then falls to 25°C in a short time and lasts for 3 days (a cooling process).
[image: Figure 5]FIGURE 5 | Diagram of the calculation model.
According to the relevant literature (Mualem, 1976; van Genuchten, 1980; Thomas and Vauclin, 1986; Guo, 2018), the parameters of the modified VG model are calculated as given in Table 1, 2 shows the parameters of the physical properties of the soil samples used in the experiments. Other state variables are calculated using a nonlinear relationship with temperature (Eckert & Rg, 1972; Vargaftik, 1975; Chen et al., 1999). Based on COMSOL numerical analysis platform, the corresponding program is compiled to model the THM coupling process in unsaturated soil. The seepage differential equation of gas adopts the Darcy seepage interface, the seepage differential equation of water and principal equation adopts porous elastic interface, and the energy equation adopts porous medium heat transfer interface. Due to the difference between the theoretical model and the built-in physical field equation in the COMSOL Multiphysics platform, the above physical field interfaces are secondarily developed by modifying the underlying equation to realize the numerical modeling of THM coupling theory.
TABLE 1 | Modified VG model parameters.
[image: Table 1]TABLE 2 | Physical parameters of soil sample.
[image: Table 2]Model Validation and Analysis
Figure 6 compares the numerical solution and the measured value of volumetric water content increment at different measuring points. The numerical results of measuring point A are lower than the measured data, and the numerical solutions of points B, C, and D are in close consistency with the experimental data. However, all simulation results are generally consistent with the variation trend of the volumetric water content incremental of the experimental data. Compared with the classical VG model, the numerical solution of the THM coupling equations using the modified VG model is in good agreement with the experimental data.
[image: Figure 6]FIGURE 6 | Comparison of volumetric moisture content increment test value and numerical solution.
Numerical simulation experiments show that the calculation results of volumetric water content increment in soil columns agree well with the experiment by changing the modified VG model parameters when simulating the corresponding cooling process of each measuring point. The specific approach is that the α0 values of A, B, C, and D are 1.631, 1.623, 1.606, and 1.614, respectively. The volumetric water content of each measuring point grows continually during the heating phase of the soil sample (a hygroscopic process), and it gradually declines during the cooling process (a dehydration process). Because the SWCC of unsaturated soil during the moisture hygroscopic-dehydration process are different, i.e., the parameters of the modified VG model are different during the heating and cooling process of soil samples, and this difference must be fully considered in the numerical calculation process. In addition, it is found that the parameters of the modified VG model vary significantly when the distance between the measuring point and the heat source is different, and the closer to the heat source, the greater the difference in the model parameters.
Figure 7 shows the comparison between the numerical results of temperature at different measuring points and the experimental values. It can be observed from Figure 7 that the calculation results of temperature at different points in all numerical calculations (both the modified VG model and the classical VG model) agree well with the experimental results. Overall, the calculated results of the temperature evolution of each measuring point during the heating process agree better with the experimental results than the cooling process. The deviation between the calculation results and the experimental results during the cooling process is significant, but the changing trend is consistent.
[image: Figure 7]FIGURE 7 | Comparison of temperature test value and numerical solution.
To quantify the difference between the predicted value of the theoretical model and the measured data, average relative error (AVRE) was used to evaluate the model’s performance. The closer the AVRE value was to 1, the better the numerical simulation was. As can be seen from Table 3, compared with the classical VG model, the AVRE values of the numerical solution (including the volumetric water content and temperature during the heating and cooling processes) under the modified VG model are all closer to 1, indicating that the numerical simulation is better. In addition, the simulation values of temperature and volumetric water content during the heating and cooling of soil samples were compared, and the AVRE was calculated. The results show that the AVRE values of the heating process are closer to 1, indicating that the calculation accuracy in the process is higher than that in the cooling process. By comparing the AVRE values of temperature and moisture content under two kinds of SWCC models, it is found that the accuracy difference of temperature numerical solution is relatively small, indicating that the selection of the SWCC model has little effect on the heat transfer process.
TABLE 3 | AVRE of the different model.
[image: Table 3]Figure 8 shows the saturation variation of measuring point B with time during the heating process of soil samples under different heat source temperatures. The temperature in unsaturated soil increases gradually under the continuous action of the heat source, which makes the water migrate from the high-temperature area to the low-temperature area, leading to a gradual increase in the saturation of point B. The increased rate of saturation of measuring point B is first fast and then slow. In addition, the slope of the saturation curve at the initial stage of temperature increase is greater under higher temperature of heat sources. The higher the heat source temperature, the greater the slope of the saturation curve at the initial stage of the temperature increase. In the numerical calculation, the initial temperature of the soil sample is 25°C, and the set heat source temperatures are 35°C→50°C→65°C→80°C, respectively. Correspondingly, the time when the saturation of point B reaches a stable state is 0.2, 0.9, 1.3, and, and 2 days, respectively. It is known that the smaller the temperature difference between the initial temperature of the soil sample and the heat source, the faster the saturation of the soil sample reaches a stable state.
[image: Figure 8]FIGURE 8 | Variation of saturation at B point with time under different heat source temperatures.
Figure 9 shows the saturation contours of the symmetric plane at 0.01, 0.1, and 1 day during the heating process. It can be seen that in the initial stage (t = 0.01 days), the vertical distribution of soil saturation is slightly uneven due to the gravity effect in the range of r > 0.04 m. Still, there is no significant change relative to the initial saturation. When t = 0.1 day, the pore water moves outward from the vicinity of the heat source under the effect of the temperature gradient. The saturation of the soil sample in the left lower range (0.04 m < r < 0.35 m) increases gradually, showing a gradual decrease from the left lower to the right upper. When t = 1 day, the area where the saturation of the soil sample increases further expands, while the saturation near the heat source (r < 0.04 m) is still small.
[image: Figure 9]FIGURE 9 | Variation of saturation with time on the symmetric plane.
Figure 10A shows the distribution profile of saturation along the radial direction at z = 0.25 m at different times (namely, 0.1, 1, 1.5, and , 2 days) in the heating process of soil samples. It can be seen that the saturation curve moves upward with time, indicating that the saturation increases with time. When t = 1.5 days and t = 2 days, the saturation curve basically coincides, meaning that the soil saturation reaches a stable state when t = 2 days. In addition, the saturation curves generally show an accelerated rise followed by a slow decline, and the slope and the amplitude of change in the rising phase are larger. This phenomenon indicates that the saturation changes rapidly near the heat source, and reaches the maximum saturation at r = 0.02 m. The slope of the saturation curve becomes smaller as the radial distance increases in the descending section of the saturation curve. That is, the farther away from the heat source, the smaller the change of saturation along the radial direction, and the influence of the heat source on saturation becomes weaker with the increase of distance.
[image: Figure 10]FIGURE 10 | Variation of saturation at height z = 0.25 m.
Figure 10B shows the saturation variation of different measuring points with time during the heating process. It can be seen that the variation of saturation with time is similar to that of volumetric water content increment (as shown in Figure 6) with time. The saturation growth rate of measuring points A, B, C, and D showed the characteristics of first large and then small. The saturation of each measurement point to reach steady state was 0.544, 0.521, 0.506, and 0.492, and the increments of saturation were 0.074, 0.051, 0.036, and 0.022, respectively. It shows that the closer to the heat source, the greater the saturation increment during the heating process.
Figure 11 shows the radial distribution of volumetric strain at z = 0.25 m at different times during the heating process of soil samples. The overall trend of the volumetric strain curve is highly consistent with the variation of saturation in the radial direction, and the maximum values of volumetric strain and saturation are in roughly the same position. The temperature gradient causes the pore water to migrate outwards and accumulates near the heat source to form a local high moisture content region. The wet swelling causes the volumetric strain of the soil in this region to increase gradually, and accordingly, volumetric strain reaches the maximum at the position of maximum saturation. In addition, the variation amplitude of volumetric strain in the decline stage is much larger than that of saturation, which is the combined effect of temperature and boundary constraints. The volumetric strain near the outer boundary of the soil column is negative, primarily passive compression deformation, and the volumetric strain in the middle of the soil is positive, primarily active expansion deformation.
[image: Figure 11]FIGURE 11 | Variation law of volumetric strain with radial distance at different times at height z = 0.25 m.
Figure 12 shows the distribution profile of temperature along the radial direction at different times during the heating process of soil samples. With the increase of time, the temperature gradually increases along the radial direction and reaches the thermal stability state approximately at t = 2 days. In addition, the temperature gradient near the heat source during heat transfer decreases gradually with time. However, the temperature gradient away from the heat source increases gradually with time under the first type of thermal boundary. The comparison shows a certain similarity between the changes in temperature and volumetric strain along the radial direction in the region r > 0.3 m (That is, both are nearly straight at t = 0.1 day, while both curves at the remaining three times have a certain slope). The thermal expansion caused by the temperature difference in the region far from the heat source is the main factor driving the soil volumetric strain.
[image: Figure 12]FIGURE 12 | Variation of temperature with radial distance at different times at height z = 0.25 m.
Figures 13A–C show the radial distribution of total displacement, r-direction displacement, and z-direction displacement corresponding to four time points (0.1, 1, 1.5, and 2 days) in the heating process. It can be observed from Figure 13 that the total displacement increases first and then decreases along the radial direction, and decreases with time, which has the same variation profile with the displacement in the r-direction. The z-direction displacement is negative (the direction is opposite to the z coordinate direction), and the absolute value of the displacement increases along the radial direction and decreases with time. Because the absolute value of z-direction displacement is much larger than that in r-direction, the total displacement is mainly dominated by z-direction displacement. By comparing Figures 13A,B, it can be observed that the variation trend of the total displacement curve is similar to that of the r-direction displacement, and the peak points on the two displacements curves move outward with time.
[image: Figure 13]FIGURE 13 | The variation law of the displacement with radial distance at different times at height z = 0.25 m.
CONCLUSION
A modified VG model considering both void ratio and temperature effect is proposed. The THM coupling theoretical model of unsaturated soil is given based on the wet-thermal elasticity theory and mixture theory. The numericalization of the theoretical model is realized by the secondary development of COMSOL Multiphysics. The validity of the theoretical model equation is verified using the indoor test data. Finally, the thermal-hydro-mechanical coupling response characteristics are analyzed. The main conclusions are as follows.
(1) Moisture in axisymmetric soil samples migrates from high-temperature region to low-temperature region under the action of the heat source, and its dynamic redistribution causes the change of soil permeability. Accordingly, the reasonable determination of the modified VG model parameters should be paid attention to in the numerical calculation. The analysis shows that the modified VG model parameters of the heating process of four measuring points can take the same value, while the values of the model parameters are different in the cooling process.
(2) The temperature of the heat source directly affects the change of the saturation of the measuring point. The higher the temperature of the heat source, the greater the saturation of the specific position when the soil is thermally stable. However, the change of the soil saturation can be stabilized faster under the lower temperature heat source. Under the same temperature of the heat source, the growth rate of saturation decreases with time, and the bottom saturation of unsaturated soil is greater than the top saturation under gravity. The saturation near the heat source is low.
(3) The volumetric strain of unsaturated soil results from the combined action of wet expansion and thermal expansion, which is dominated by moisture expansion near the heat source, and is mainly dominated by thermal expansion far away from the heat source. The volumetric strain near the outer boundary of the soil column is negative, primarily passive deformation, and the volumetric strain in the middle of the soil is positive, primarily active expansion deformation. The change of the total displacement of soil with time is dominated by the z-direction displacement, and its change trend along the radial direction is similar to that in the r-direction. The peak value of the total displacement curve moves outward with time.
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The smoothed particle hydrodynamics (SPH) method was employed to simulate the heat transfer process in porous media at the pore scale. The effective thermal conductivity of a porous medium can be predicted through a simulation experiment of SPH. The accuracy of the SPH simulation experiment was verified by comparing the predicted values with reference values for ideal homogeneous media and multiphase layered media. 3D simulation experiments were implemented in granular media generated by the PFC method. Based on the SPH framework, a concise method was proposed to produce unsaturated media by simulating the wetting process in dry media. This approach approximates the formation of liquid bridges and water films on granules. Through simulation experiments, the empirical formula of the variation in thermal conductivity with the degree of saturation was tested. The results showed that the reciprocal of the normalized thermal conductivity and the reciprocal of the saturation are linearly related, which is in line with the empirical formula proposed by Cote and Konrad.
Keywords: effective thermal conductivity, porous media, granular soil, SPH method, pore scale
1 INTRODUCTION
Heat transfer in porous media is a common phenomenon during agricultural and industrial production (Moradi et al., 2016; Varnosfaderani et al., 2016; Cui et al., 2020). The effective thermal conductivity is a key problem for the heat-conducting properties of porous media (Jahangir et al., 2018a; Bai et al., 2021a; Fu et al., 2020), which involves the coupling effects of multi-physical fields. Changes in the thermal field result in changes in the moisture and stress fields of porous media (Das and Cleary, 2016; Jahangir et al., 2018b; Meng et al., 2020; Nishad and AI-Raoush, 2021; Yuan et al., 2021a). Therefore, it is important to determine the effective thermal conductivities of porous media and clarify how they relate to the influencing factors.
As a mixture, a porous medium is composed of solid components that form a solid framework and pore space that is filled by other components (Cheng et al., 2020; Hu et al., 2021; Yuan et al., 2021b). The random and disordered natures of these structures make it difficult to accurately quantify the effective thermal conductivities of porous media in theory. The effective thermal conductivity is a general parameter for characterizing porous media and is mainly affected by the components of the medium, more specifically, the distributions, proportions and properties of the components. When the solid, liquid and gas phases have a layered distribution and are connected in series, the thermal conductivity reaches its minimum; in contrast, when the layers are connected in parallel, the thermal conductivity reaches its maximum. When the layers are connected in series (superscript L) or in parallel (superscript U), the theoretical values of the effective thermal conductivity for a multiphase medium are
[image: image]
where λ is the thermal conductivity of the porous medium, the subscript n refers to different components, and [image: image] denotes the volume proportion of each component.
A disordered multiphase mixture can ideally be modeled as some components in series and some components in parallel. Based on this theory, the thermal conductivity values for multiphase media are within the abovementioned limits. For unsaturated porous media, the upper and lower limits of the effective thermal conductivity can be further refined. Since the thermal conductivity of water is much greater than that of air, the thermal conductivity of a porous medium increases with increasing water content. When in a saturated state, the thermal conductivity value of porous media reaches its upper limit; while for a completely dry state, the thermal conductivity reaches the lower limit.
Johansen (1975) proposed the concept of the normalized thermal conductivity λr, which is defined as
[image: image]
where λdry and λsat indicate dry and saturated conditions, respectively.
The value of λr varies between 0 and 1. By fitting experimental data from the literature, Johansen (1975) proposed a logarithmic relationship between λr and the degree of saturation Sr for several types of soil. By analyzing a large amount of literature data, Cote and Konrad (2005) developed the following empirical equation:
[image: image]
This equation can be transformed into
[image: image]
where α is an influence coefficient.
Through laboratory tests on quartz sand, Chen (2008) found that the logarithm of thermal conductivity for sand has a good linear relationship with porosity, and the slope is affected by the degree of saturation. This empirical model is
[image: image]
where [image: image] is the porosity, b and c are both empirical parameters.
At present, studies on the thermal conductivity of soil have been mainly conducted at the macroscopic scale (Sass et al., 1971; Vincent and Paul., 2005; Bai et al., 2018). To achieve a deeper understanding of the laws governing the effective thermal conductivity, it is necessary to advance research to the pore scale (Cui et al., 2019; Zhou et al., 2022). This study employs a smoothed particle hydrodynamics (SPH) method due to its flexibility in pore-scale simulations and good computational accuracy in heat conduction calculations.
SPH is a kind of meshless particle algorithm of Lagrangian form. Initially proposed in 1977 to solve a problem in astrophysics, SPH has since been used in heat conduction. Cleary and Monaghan (1999) proposed an improved form of the standard SPH formula that ensures a heat flow balance on material interfaces, and the results showed that the formula is highly accurate. Jeong et al. (2003) improved the SPH method for solving second-order differential equations by decomposing the second-order partial differential equation into two first-order partial differential equations and then checked the accuracy by performing 1D and 2D heat conduction simulations. Jiang and Sousa (2007) employed the SPH method to predict the effective thermal conductivity in heterogeneous materials containing two or three different components. By combining the advantages of SPH and the finite difference method (FDM), Bai et al. (2018) proposed a well-established SPH-FDM method and analyzed the thermal processes of homogeneous media containing discontinuous interfaces and showed that this method can be successfully employed in parabolic problems.
The present work utilizes a pore-scale simulation approach to predict the thermal conductivities of unsaturated porous media using the SPH method and examines the relationship between the normalized thermal conductivity and saturation by using an empirical model. The manuscript is structured as follows: Section 2 introduces the reconstruction process of an unsaturated granular soil at the pore scale and the procedure for the simulation experiment; Section 3 verifies the accuracy of the simulation experiment through ideal media; and Section 4 presents simulation experiments in 3D granular media and discusses the variation in the normalized thermal conductivity with saturation. The conclusions drawn from the work are presented in Section 5.
2 PORE-SCALE SIMULATION ON EFFECTIVE THERMAL CONDUCTIVITY
2.1 Smoothed Particle Hydrodynamics Method
The SPH method is a kind of meshless particle algorithm of Lagrangian form. The computational domain is discretized by separate sets of particles. The discretization of the field function consists of two main steps. First, the field function f at point x can be expressed in integral form:
[image: image]
where Ω, W, and h denote the integral domain, the kernel function and the smoothing length of the kernel function, respectively.
A frequently used kernel function, the cubic B-spline function, is adopted herein (Huang and Liu, 2020):
[image: image]
where R is the relative distance and is equal to r/h, where r is the particle distance. In 1D, 2D, and 3D spaces, the normalized values of the constant αd are 1/h, 15/7πh2, and 3/2πh3, respectively.
Next, the integral form of the field function is discretized into a series summation. The field function at particle i is approximated as
[image: image]
where x is the distance vector, m and ρ are the mass and density of particle j, respectively, the subscript j denotes a particle within the influence area of particle i, and N is the total number of particles.
However, the traditional SPH algorithm has several drawbacks when applied to complex engineering problems. To address these defects, many researchers have proposed improved calculation methods, which is a driving force for the further development of the SPH method (Huang et al., 2019; Rao and Bai, 2020). At the same time, this method is also being used in an increasingly broad range of applications, such as heat conduction problems at the pore scale and thermal consolidation problems in geotechnical materials (Bai et al., 2021b; Xue et al., 2021).
The differential equation for unsteady heat conduction within a three-dimensional isotropic medium without an internal heat source is (Carslaw and Jaeger, 1959).
[image: image]
where c is the specific heat.
The SPH approximation of Eq. 9 at point i can be written as (Sass et al., 1971; Bai et al., 2018).
[image: image]
where rij =|xij |.
The size of each time interval is suggested to be (Bai et al., 2018).
[image: image]
where κ is the thermal diffusion coefficient equal to λ/ρc.
The explicit Euler method is employed for the integration step, [image: image]. SPH has different discretization schemes for different derivation processes (Price, 2012). Among these schemes, Eq. 10 is the most suitable for modeling thermal conduction. Its accuracy in 1D, 2D, and 3D spaces has been verified by extensive numerical tests (Cleary and Monaghan, 1999).
2.2 Generation of 3D Porous Media
The particle flow code (PFC) method is employed to produce a 3D granular medium. Cundall and Strack (1979) developed the PFC method from the discrete element method by defining the discrete element as a rigid sphere. Based on PFC3D 3.10 software (developed by ITASCA Inc., United States), there are five steps involved in generating a 3D dry granular medium: first, the software sets rigid walls that represent the boundaries of the sample; second, the software sets the number and size range of the spheres and randomly generates them in the calculation domain; then, gravity is applied to the spheres, which are allowed to fall freely; fourth, when the spheres have naturally accumulated, the software applies a plate with slow downward movement over the accumulated body to compact it to the predefined porosity; finally, the software outputs the radii of all the spheres and the coordinates of the centers of mass and then discretizes the medium into solid and gas particles (Figure 1A).
[image: Figure 1]FIGURE 1 | Solid and gas particles: (A) Restructured 3D porous medium (named SAP1); (B) discretization of SAP1 in the dry state (the green particles are gas particles, while the red particles are solid particles).
In Figure 1A, the length L of the cubic medium (named SAP1) is 0.008 m. It contains 70 spherical granules with identical radii of a = 1 mm. After spatial discretization, the medium (Figure 1B) contains a total of 64,000 particles with a particle spacing of 0.0002 m. The particles are divided into gas and solid particles. The porosity is set at 0.43. The calculation time is about 3 h.
2.3 Simulation of the Humidifying Process
When a porous medium gradually humidifies from a completely dry state, the evolution of the distributions of pore water and air can be approximately described as follows: First, water forms liquid bridges over the narrow spaces between pores and fills some of the dead-end pores in the medium. Pore water forms films on the surfaces of the granules. As the degree of water saturation increases, the liquid bridges widen, and the thickness of the water films increases. Then, the liquid bridges gradually connect to each other. When the proportion of air is further reduced, the connections between the bubbles are blocked, and eventually only isolated bubbles exist in the pores.
Figure 2 shows a 2D-CT (computed tomography) scanning image as an example. As shown in Figure 2, the humidifying process is achieved approximately in accordance with the description. This process can be simply divided into two steps: first, the gas particles are sorted according to degree of influence from the solid surface; second, these gas particles are converted into water particles in a certain order. The first step adopts the particle pairing algorithm of the SPH method. For the dry state, there are both solid particles and gas particles in the identification zone of a gas particle located near the surface of the granules (Figure 3). The parameter p is defined as the proportion of solid particles in the identification zone. In Figure 3, the p value for point A is greater than that for point B, and the p value for point B is greater than that for point C. According to their evolution, these particles located in dead-end pores (such as particle A) or near the surface of the solid phase (such as particle B) are wetted before those located in the centers of the pore channels (such as particle C). Moreover, the p values of the former are higher than those of the latter. Hence, the wetting order of the gas particles is basically in agreement with the order of the p values.
[image: Figure 2]FIGURE 2 | Simulation of the humidifying process for a 2D porous medium obtained by processing a 2D-CT scanning image (The blue particles denote water particles). (A) Sr =0.24 (B) Sr =0.53 (C) Sr =0.83.
[image: Figure 3]FIGURE 3 | The identification zone is similar to the influence domain of a particle, and the radius is defined as a multiple of the smoothing length.
Similarly, the humidifying process of SAP1 can also be obtained by the algorithm, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Simulation of the humidifying process for a 3D granular medium (Note: the corner is removed to reveal the internal details). (A) Sr =0.12 (B) Sr =0.40 (C) Sr =0.84.
2.4 Simulation Scheme
The steady-state method is a conventional laboratory measurement method for modeling the thermal conductivity. When the system reaches equilibrium, the heat transfer rate is equal to the heat dissipation rate in a stable thermal conduction process. According to Fourier’s law, the heat flux q of an ideal infinite plate satisfies (Cundall and Strack, 1979; Bai et al., 2019).
[image: image]
where ΔT is the temperature difference between the two sides of the plate, and L is the thickness of the plate.
In this calculation, an infinite plate is simulated by applying periodic boundary conditions to a square or cubic medium. The boundary conditions for the 2D simulation experiment are applied as shown in Figure 5. The upper and lower edges of the square medium are set as periodic boundaries so that the square medium can be periodically extended into an infinite plate with a certain thickness L. The left and right boundaries of the medium are set at different temperature values acting as the initial boundary conditions. For SPH particle sets, if the temperature difference is T0, the average heat flux is calculated as
[image: image]
[image: Figure 5]FIGURE 5 | Diagram showing the boundary conditions of the steady-state simulation experiment.
When the temperature field reaches a steady state, the thermal conductivity of the medium can be determined by Eq. 12 ([image: image]).
The application of the finite difference method in SPH has been proposed in Bai’s work (Bai et al., 2018). In this work, the differential equations are applied in the post processing step of the SPH simulation experiments to output the temperature gradient. For some complex fluid-structure coupling boundary problems, some scholars (Huang et al., 2016; Liu and Zhang, 2019; Ye et al., 2019) have also proposed many improved calculation methods that can further improve the calculation accuracy (Liu and Liu, 2010).
3 VERIFICATION USING TYPICAL CASES
3.1 Case 1: Homogeneous Medium
For this case, we assume that the infinite plate is a homogeneous medium with density ρ = 1000 kg/m3, specific heat capacity c = 1000 J/(kg°C), and default thermal conductivity λ0 = 1 W/(m°C) (Bai et al., 2020; Bai et al., 2021a). The initial temperature of the particles is set to 0. In this calculation, the boundary conditions are applied as shown in Figure 5. The thickness of the square medium is L = 0.012 m. The other calculation parameters are listed in Table 1.
TABLE 1 | Calculation parameters for the 2D case.
[image: Table 1]Figure 6A shows that the temperature distribution in the medium gradually becomes more linear. The dimensionless time factor is defined as td = κt/L2 (Bai et al., 2020). Figure 6B shows that the calculated values of the thermal conductivity rapidly approach the baseline value during the dimensionless time td.
[image: Figure 6]FIGURE 6 | Calculation results of the homogeneous medium. (A) The temperature distribution (B) [image: image] -td trend line
3.2 Case 2: Three-Phase Layered Medium
As shown in Figure 7A, it is assumed that the solid, liquid, and gas components are arranged in layers, and each component occupies the same volume in the medium. The physical parameters of the materials are listed in Table 2. If boundaries 1 and 2 are treated as periodic boundaries and boundaries 3 and 4 are treated as the temperature boundaries, the three layers are connected in series. In contrast, if boundaries 3 and 4 are treated as periodic boundaries while boundaries 1 and 2 are treated as the temperature boundaries, the three layers are connected in parallel. In this simulation, the parameters are the same as those in Case 1 (Table 1) and are in agreement with the parameters in the existing literature (Alrtimi et al., 2014; Yang, 2019).
[image: Figure 7]FIGURE 7 | Three-phase layered medium and the calculation results. (A) Sketch map of the three-phase layered medium (B) Trend line of [image: image] and td.
TABLE 2 | Thermal parameters of the materials involved in the calculation.
[image: Table 2]According to Eq. 1, the theoretical value of effective thermal conductivity for the three-phase series medium is 0.0745 W/(m°C), while that for the three-phase parallel medium is 2.742 W/(m°C).
Figure 7B shows that for both connection modes, the predicted values of the effective thermal conductivity precisely converge to the theoretical values over the chosen calculation time. The dimensionless time factor for the three-phase medium is defined as td = κt/L2, with κ being the thermal diffusion coefficient of water (Bai et al., 2021c). The results show that the proposed simulation experiment is suitable for predicting the effective thermal conductivities of multiphase media.
4 THE RELATIONSHIP BETWEEN THE NORMALIZED THERMAL CONDUCTIVITY AND SATURATION DEGREE
In the SAP1 calculation, the temperature boundary is set to T0 at the upper boundary (plate z = L) and set to 0 at the lower boundary (plate z = 0), while the other boundaries are set as periodic boundaries. The granular medium is simulated as an infinite porous layer with a thickness equal to L. The physical parameters for the components are assigned according to Table 2. The time step Δt is set to 0.0001 s. The simulated steady-state dimensionless temperature distribution of the sample in Figure 4 is predicted (Figure 8A).
[image: Figure 8]FIGURE 8 | 3D stacked media and calculation results. (A)Temperature distribution at a steady state (B) Predicted thermal conductivity over time.
Figure 8B shows that the effective thermal conductivity value gradually stabilizes over time. To ensure the precision of the three significant figures in the predicted λ value, the calculation process continues until the fourth significant digit stops changing in the time interval of Δtd = 0.01. As shown in Figure 8B, the final result for the effective thermal conductivity for the medium reaches 2.75 W/(m°C), in agreement with the Wiener limits [the upper bound being 4.32 W/(m°C) and the lower bound being 0.06 W/(m°C), as calculated by Eq. 1].
A sample named SAP2 (Figure 9), with a granule radius of a = 0.8 mm, is generated as the control sample. SAP2 has the same porosity as SAP1. By applying the humidifying algorithm to both SAP1 and SAP2, two sets of samples with incremental degrees of saturation are obtained. In the simulation, the solid component for each group of soil samples is assigned first as quartz and then as feldspar. Thus, four sets of simulation experimental results are obtained. For feldspar, the values of λ, ρ and c are 2.3 W/(m°C), 2650 kg m−3 and 710 J/(kg°C), respectively. The trend line for λr versus Sr is plotted in Figure 10.
[image: Figure 9]FIGURE 9 | Particle distribution. (A) The control sample (named SAP2); (B) the discretization of SAP2 in the dry state.
[image: Figure 10]FIGURE 10 | The relationship between λr and Sr. (A) Trend line of λr versus Sr (B) Linear relation between 1/λr and 1/Sr.
The results show that the slope of the λr-Sr curve reaches a maximum when the degree of saturation is 0 and then decreases gradually. This curve indicates that the formation of a liquid bridge in the early stage of the humidifying process can improve the thermal conductivity of porous media. This phenomenon is consistent with the conclusions from other reference (Bai et al., 2019). Figure 10B shows that 1/λr has a good linear relationship with 1/Sr, which agrees with the empirical rule in Eq. 4. In addition, a comparison of the solid and hollow data points in Figure 10 shows that the slope of the linear fit for the 1/λr−1/Sr graph varies for different materials and granule sizes. Thus, the influence coefficient α from Eq. 4 is related to the thermal conductivity value of the solid phase and the granularity of the medium.
5 CONCLUSION
This research deduces a pore-scale simulation method to predict the effective thermal conductivities of unsaturated porous media using the SPH method. This study also discusses the relationship between the thermal conductivity and the degree of saturation in porous media. A concise method to simulate the wetting process of porous media is proposed based on pore-scale SPH simulation.
Based on a dry medium, the humidifying process can be modeled by sorting the gas particles according to the influence degree of the solid surface and then converting these gas particles into water particles in a certain order. This approach models the formation of liquid bridges and water films on granules. For three-phase layered media, the thermal conductivity values predicted by the simulation experiments agree with the theoretical values. This shows that the simulation experimental method is accurate for multiphase media. The particle fluid code is employed to generate the granular samples on which the simulation experiments are implemented.
The simulation experiments enable an investigation into the laws governing the relationship between the thermal conductivity and degree of saturation. The results show that the reciprocal of the normalized thermal conductivity and the reciprocal of the degree of saturation are linearly related. This result is consistent with the empirical formula proposed by Cote and Konrad. This verification of the law provides another way to demonstrate the usefulness and credibility of the humidifying process.
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ABBREVIATIONS
a, granule radius; c, specific heat capacity; f, field function; h, smoothing length of the kernel function; i, serial number of objective particles; j, serial number of particle i’s adjacent particles; L, thickness of the medium; m, mass of a particle; N, total number of particles within the influence area of particle i; p, the proportion of the solid particles in the identification zone; r, particle distance; R, relative distance; Sr, degree of saturation; t, time; td, dimensionless time, td = D0t/L2; T, temperature; x, x’, xi, xj, distance vector of particle; W, kernel function; α, influence coefficient; αd, normalized constant in the kernel function; [image: image], vector gradient operator; κ, thermal diffusion coefficient, equal to λ/ρc; λ, thermal conductivity; λr, normalized thermal conductivity; Δx, particle spacing; ρ, density of particle; [image: image], porosity; [image: image], volume proportion of each component; Ω, integral domain.
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Microbial Induced Calcite Precipitation method was used to improve the expansive soils of Nanning, Guangxi. The nonlinear shear creep behavior of microbially improved expansive soil was studied by triaxial consolidation drainage shear test. The results show that when the expansive soil was applied a small partial stress, the creep curve of soil exhibits transient deformation and decay creep. When the partial stress reaches a certain value, there is decay creep, steady-state creep and accelerated creep successively showed on the creep curve. The stress-strain isochronous curves reflect there are obvious nonlinear characteristics in the creep process of improved expansive soils. The degree of this nonlinearity is related to the creep time and stress level. The longer the creep time as well as the higher the stress level, the higher the degree of nonlinearity. Based on the fractional calculus theory and statistical damage theory, the probability density function of Weibull distribution was introduced, and the damage degradation of soft component viscosity coefficient was considered. As a result, a fractional-order damage creep model which can describe the shear creep evolution of microbially improved expansive soils is established. Compared with the Kelvin creep model of integer order and the Burgers creep model of fractional order, the fractional order damage creep model has not only better comparative evaluation results but also more higher computational accuracy. It indicates that the fractional-order damage creep model can better describe the whole process of shear creep in microbially improved expansive soils. The above findings provide a theoretical basis for the study of deformation analysis of microbially improved expansive soils under long-term loading.
Keywords: MICP, expansive soils improvement, microbial method, fractional calculus, statistical damage, creep model
INTRODUCTION
Expansive soils are widely distributed in the world and is a high liquid limit clay with expansion and contraction, fracture and super consolidation (Shi et al., 2014; Al-Mukhtar et al., 2012), which can easily cause cracking and instability of expansive soil slopes (Fu et al., 2017; Fu et al., 2020). Inorganic materials such as lime, cement and fly ash are usually used to improve expansive soils in engineering construction (Khadka et al., 2020). However, these improvement and improvement methods have disadvantages such as high cost, long construction period and unfriendly to the environment during the construction process (Ali 2018). In recent years, With the development of environmental geotechnical technology (Bai et al., 2021a; Bai et al., 2017), Microbial Induced Calcite Precipitation (MICP) method, has been widely used in construction projects for foundation strengthening (Liu et al., 2019), dust and sand consolidation (Naeimi and Chu 2017) and concrete fracture repair (Lors et al., 2017; Justo-Reinoso et al., 2021). MICP technology, as a new soil improvement method, can form carbonate precipitation with excellent consolidation performance. It is a modern biological technology with simple construction, low cost, rapid efficiency and environmental friendliness. Urease produced by microorganisms during their life activities hydrolyzes urea in an alkaline environment, producing ammonium ions and carbonate ions. The carbonate ions combine with calcium ions in the soil to form calcium carbonate precipitates adsorbed on the surface of the bacteria (Liu et al., 2017). Relevant literature have shown that the MICP method can effectively reduce the expansion and contraction of expansive soils (Tiwari et al., 2021; Li et al., 2021) and improve their strength (Jiang et al., 2021; Ouyang et al., 2022). However, most of the studies on the improvement of expansive soils using the MICP method have focused on the physical properties, strength properties, and deformation properties of the improved expansive soils under short-term loading. The creep properties of the improved expansive soils under long-term loading have not been reported in the literature. Therefore, the research on creep properties of microbially improved expansive soils is not only of great theoretical significance, but also has a broad prospect of engineering application.
The creep curve of soil reflects the stress-strain-time relationship of soil. It is the prerequisites to establish creep model for studying the creep properties of soil. In the early studies of creep properties of soils, scholars are used to adopt component models (Li et al., 2012; Yang and Li 2018) and empirical models (Fahimifar et al., 2015; Xue et al., 2020). In the element model, the nonlinear creep properties of the soil body cannot be described because the basic elements are linear (Xiao et al., 2011). Although the nonlinear creep of the soil can also be reflected by transforming the element parameters, the creep equation is complex and has more parameters. The empirical model lacks a rigorous theoretical basis and can only reflect the creep properties of geotechnical materials in a specific region and does not have universal applicability.
In recent decades, scholars have applied fractional order calculus theory and damage theory to the study of geotechnical rheological models in order to better describe the complex mechanical behavior of soils. Zhou et al. (2011) proposed a new creep instanton model with time-based fractional order derivatives by employing fractional order Abel viscous pots instead of Newtonian viscous pots in the classical Nishihara model. Gao and Yin (2021) developed a fractional order creep model describing the full stage creep behavior of rocks in order to characterize the creep properties of rocks more accurately. The model has a simple form, few parameters and clear physical concepts. Based on rheological mechanics and fractional order calculus theory (Ning et al., 2017), established the instanton and creep equations that can reflect the nonlinear rheological properties of expanded soils. Based on the fractional calculus theory (Zhang et al., 2018), established a three-component fractional model that can more accurately reflect the nonlinear stress relaxation characteristics of expansive soil. Xue et al. (2021) applied fractional order calculus and damage mechanics to the creep model of rock salt and established the Burgers model for fractional order creep damage considering temperature and volume stresses.
Many existing creep models of rock or geotechnical materials cannot completely describe the creep mechanical behavior for microbially improved expansive soils. Therefore, in this paper, triaxial drainage shear creep test is conducted on microbially improved expansive soil to study the deformation evolution law of the soil with time under the long-term loading. According to the creep test results, based on the fractional order calculus theory and statistical damage theory, the probability density function of Weibull distribution is introduced to consider the damage deterioration of the coefficient of viscosity of the soft element class. In this way, a fractional-order damage creep model describing the creep properties of microbially improved expanded soil was established.
TEST MATERIALS AND METHODS
Test Materials
The expansive soil for the test was taken from a ring road section in Nanning, Guangxi. According to the Highway Soil Test Procedure (JTG 3430-2020), the basic physical property indexes of the soil sample were obtained, as shown in Table 1. According to the test results and the classification standard of expansive soil, the soil sample can be judged as high liquid limit medium expansive soil.
TABLE 1 | Indices of physical property of expansive soils.
[image: Table 1]The microorganism used in the experimental study was Bacillus cereus (strain number ATCC11859) acquired by the Chinese General Microbial Strain Conservation and Management Center (CGMCC). This strain was isolated from natural soil, is non-pathogenic, and can produce large amounts of urease during its vital activity (Zhao 2014).
During the experiment, Bacillus cereus was first removed from the refrigerator and inoculated into the culture medium for rapid culture and propagation. The culture medium used in the experiment was composed of nutrients such as urea, casein peptone, soy peptone and sodium chloride. The inoculated culture medium was then placed in a shaker for 48 h and the bacterial concentration was measured by spectrophotometer. The concentration of the bacterial broth was considered to meet the requirements of the test when the absorbance density OD600 reached above 1.0 (Wu et al., 2020).
The natural expansive soils have a low content of calcium elements and thus the calcium carbonate yield during the MICP mineralization reaction is low. Therefore, in the experimental study, it was necessary to supplement the calcium source in the soil by adding cementation solution made from a mixture of calcium chloride and urea. In the dried and sieved expansive soil, the bacterial solution and the cementation solution were mixed. In this case, the molar ratio of calcium chloride and urea in the cementation solution was 1:1 and the molar concentration was 1.0 mol/L (Zhao et al., 2014; Wu et al., 2020).
Preparation of Specimens
According to the existing studies in our group, it was found that the best improvement of soil samples was achieved at a volume ratio of 1:2 between the bacterial solution and the cementation solution in the MICP process (Tian et al., 2022; Su et al., 2022). Therefore, the volume ratio of bacterial solution to cementation solution per unit mass of soil sample was controlled to 1:2. In this experiment, 50 ml of bacterial solution and 100 ml of cementation solution were mixed into each 500 g of soil sample. The specimens were prepared according to the Standard for Geotechnical Test Methods (GB/T 50123-2019). Firstly, the expansive soil was air-dried and passed through a 2 mm sieve, then the bacterial solution and the cementation solution were sprayed into the expansive soil separately. The mixed expanded soil was sealed with cling film, leaving part of the pore space to ensure the oxygen supply of bacteria.
Test Scheme
The instrument for the test is the TKA automatic triaxial apparatus produced by Nanjing TKA Technology Co., Ltd. Before the creep test, the triaxial consolidation and drainage shear (CD) test was conducted to determine the damage deflection stress of the specimen, which was used as the load classification basis for the triaxial consolidation and drainage shear creep test. the CD test results were obtained, when the surrounding pressure was 150 kPa, the damage deviatoric stress of the specimen was qf =270 kPa. Creep tests were performed using a graded loading method. The surrounding pressure was set to 150 kPa, and the partial stresses were 54 kPa, 108 kPa, 162 kPa, 216 kPa, and 270 kPa. The specimen would be damaged in a relatively slow process due to the drainage conditions (Zhang et al., 2011). To accelerate the shear damage of the specimen, another level of deflective stress can be applied at 324 kPa in the test, each level of loading is maintained for 48 h. When the deformation rate is not greater than 0.005 mm/d, creep can be considered stable and the next level of loading is performed.
TEST RESULTS AND ANALYSIS
Creep Curves
The creep curves of the specimen loaded as a whole were obtained by collating the triaxial creep test results, as shown in Figure 1. The creep curve of the specimen with graded loading was obtained by processing the creep data according to the Boltzmann linear superposition principle, as shown in Figure 2.
[image: Figure 1]FIGURE 1 | Creep curve. (A) Creep curve under integral loading (B) Creep curve under graded loading.
[image: Figure 2]FIGURE 2 | Stress-strain isochronous curves.
It can be found in Figure 1 that when the level of deviatoric stress is low, the strain of the specimen only includes two parts of transient strain and decay creep during the duration of the test. When the deviatoric stress was higher, the creep process of the specimen experienced three complete creep stages, such as decay creep, steady-state creep and accelerated creep, and the specimen finally underwent creep damage. In the transient elasto-plastic deformation phase, the load on the soil particle skeleton increases due to increasing deviatoric stress in a relatively short period of time, resulting in elastic deformation of the particles and plastic deformation caused by inter-particle position adjustment (Bai et al., 2021b; Zhou et al., 2022). Macroscopically, the soil axial strain increases in a short period of time. In the decay deformation phase, the stress chain within the soil skeleton stabilizes, the particle deformation and position adjustment gradually decreases (Bai et al., 2014), and the creep rate of the soil sample gradually decreases. In the steady-state deformation stage, the stress chain of the soil skeleton is basically stable, and the macroscopic deformation of the soil body is presented as stable creep. When the deviatoric stress continues to increase, the soil body enters the accelerated creep stage and eventually creep damage occurs. The deformation rate in the accelerated creep stage increases continuously and lasts for a very short time. At this time, the soil skeleton is basically destroyed, and the deformation of the specimen is no longer controllable.
Determination of Long-Term Intensity
In order to observe the nonlinear creep pattern of soil specimen more visually, the stress-strain isochronous curve of soil specimen can be made. The stress-strain isochronous curve of the soil specimen, as shown in Figure 2. In Figure 2, ε is the axial strain and q is the deviatoric stress.
From Figure 2, it can be found that when the stress level is low, the stress-strain approximates a linear relationship. With the gradual increase of stress level, the stress-strain isochronous curve gradually shifts toward the strain axis. Meanwhile, as the creep time increases, the stress-strain isochronous curve gradually moves away from the stress axis and bends toward the strain axis. The longer the creep time, the more obvious the bending of the isochronous curve toward the strain axis. Therefore, microbially improved expansive soils, have nonlinear creep properties, and the degree of nonlinearity is related to the stress level and creep time. The range of linear creep decreases with the increase of stress level and creep time, and the degree of nonlinear creep increases accordingly.
According to the method proposed by (Shen et al., 2012) for determining long-term strength based on isochronous curves, the inflection point of the stress-strain isochronous curve cluster can be determined to be located at a stress of 138 kPa. After the inflection point, the curve cluster changes from dense to sparse. Therefore, 138 kPa can be taken as the long-term strength of the clay. When the stress is less than the long-term strength, the isochronous curve is almost linear, and the soil can be considered as a viscoelastic body. When the stress is greater than the long-term strength, the stress-strain relationship is no longer linear, and the soil can be considered as a viscoplastic body.
INTRINSIC STRUCTURE RELATIONS FOR FRACTIONAL-ORDER DAMAGE CREEP MODEL
Soft Components Based on Fractional Order Calculus
Fractional order calculus can accurately describe complex mechanical processes, portraying path dependence in space and memory in time. At present, fractional order calculus has several defined forms according to different application areas. In this paper, based on the Riemann–Liouville type fractional order calculus operator theory, the fractional order calculus for a continuous function f(x) is defined as (Lai et al., 2016)
[image: image]
where the t is the time, t0 is the initial time, β is the fractional order, [image: image] is the fractional order integral of order β over (t0, t), Γ(n-β) is a Gamma function, which is defined as
[image: image]
The Riemann–Liouville type definition is applied only to the region of Re(β)>0 to ensure that the integral converges at t=0. When 0≤β<1, the Laplace transform of the Riemann–Liouville type fractional order calculus operator is expressed as
[image: image]
where the s is the transformation covariate, F(s) is the Laplace transform of f(t).
Abel viscous pot element, a viscoelastic element between Hooke’s elastic solid and Newtonian viscous body, is also known as a soft-body element. The principal equation of the soft-body element using Riemann–Liouville type fractional order calculus theory can be expressed as
[image: image]
where the σ(t) is the stress, ε(t) is the strain, η is the class viscosity coefficient.
When β=0, let η=E, E be the elastic modulus, then Eq. 4 describes a Hooke elastic solid. When β=1, let η=ζ, ζ be the viscous hysteresis coefficient, then Eq. 4 describes an ideal Newtonian viscous body. When 0<β<1, the components are described by a visco-elastic soft body.
In Eq. 4, if σ(t) is a constant, when the stress is constant, the element describes the creep phenomenon of the soft body. According to the definition of Riemann–Liouville type fractional order calculus, Laplace transform and Laplace inverse transform of Eq. 4, the creep equation of the soft body element can be obtained as
[image: image]
According to the creep equation of the soft element, the creep curve of the soft element can be depicted by taking the values of different orders under the condition of constant stress, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Creep curves of soft-matter element.
From Figure 3, it can be found that the strain increases slowly with increasing time when 0<β<1. As β increases, it exhibits enhanced creep properties, which describes exactly the nonlinear creep process of the material. When β>1, with the increase of time, the strain increases significantly, showing the accelerated creep properties of the material.
Viscoplastic Damage Body Based on Statistical Damage Variables
Since the traditional creep model can only describe the decay creep and stable creep stages of geotechnical body, it cannot describe its accelerated creep stage. Soil is a typical non-homogeneous material (Bai et al., 2020), and in the process of creep loading, it is in essence the process of internal fractures gradually expanding, linking through and forming macroscopic cracks destabilizing damage (Bai and Li 2013; Bai et al., 2019). Therefore, when studying the creep instantaneous equation of soil, it is necessary to consider the damage aging effect of soil in the creep process, and the creep damage aging effect, which will cause the viscosity coefficient of soil to change (Cai and Cao 2016). considered the failure damage of viscous coefficient and found that the viscous coefficient decays exponentially under the action of damage. Therefore, the non-constant Burgers model was established, which can better describe the accelerated creep phase of the soil (Ding et al., 2015). constructed the relationship between the number of acoustic emission events and loading time based on the Weibull distribution and obtained the evolutionary relationship of the damage variables. The Weibull probability distribution function, with characteristics such as easy integration, mean value greater than 0 and range of values greater than 0, satisfies the statistical characteristics of shear damage of geotechnical bodies. Therefore, in this paper, it is assumed that the damage of the soft element with class viscous coefficient, after the shear stress is higher than the long-term strength, follows the Weibull distribution about the creep time t. The probability density function of the Weibull distribution is that
[image: image]
where the k is the shape parameter reflecting the non-uniform degree of damage distribution in the micro-element body, λ is the scale parameter characterizing the internal damage of the soil body, t is the creep time.
Integration of Eq.6 yields the damage variable D as
[image: image]
Based on the damage variable D defined by the probability density function of the Weibull distribution, the damage degradation considering the viscous coefficient of the soft element class is obtained in the form that can be expressed as
[image: image]
where the η class viscosity coefficient, and the [image: image] is the class viscosity coefficient considering the damage deterioration.
In this paper, a viscoplastic damage body based on the damage variable D is proposed, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Viscoplastic damage element.
According to Figure 4, it can be seen that the damage effect of the soil has a threshold value, and the damage effect will occur only when a certain threshold value is reached. When the creep loading stress is lower than the damage threshold, the soil does not occur damage, at this time the class viscosity coefficient is a constant number. When the damage threshold is exceeded, the soil internal constant class viscosity coefficient will damage deterioration, the soil will also appear viscoelastic accelerated creep phase. According to the above analysis, and combined with the Eqs 5–8, the creep equation of viscoplastic damage body can be obtained as
[image: image]
where the β is the fractional order, [image: image] is the long-term strength value of the soil.
Establishment of Fractional-Order Damage Creep Model
As mentioned above, the creep deformation of microbially improved expansive soils contains a complex process in which multiple deformations such as elastic, viscoelastic and viscoplastic coexist. In order to accurately describe the whole process of nonlinear creep deformation of microbially improved expansive soil, the Hooke elastic solid, soft body element and viscoplastic damage body are combined into a fractional order creep damage model describing the whole process of creep deformation of microbially improved expansive soil by connecting them in series and parallel, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Fractional-order damage creep model.
For the fractional order damage creep model shown in Figure 5, the long-term strength is taken to be the initiating stress of the friction piece. When [image: image], the spring element and the flexible element form a viscoelastic body, which describes the attenuation creep of microbially modified expansive soils. When [image: image], the plastic element is closed and the combination forms a viscoelastic-plastic damage model, which can describe the steady-state creep and accelerated creep of the clay soil. Therefore, the model can describe the full creep process of transient deformation, attenuation creep, steady creep and accelerated creep of microbially improved expansive soil.
According to the series and parallel connection laws of the creep model, it is obtained that
[image: image]
where the [image: image] is the strain of the elastic element, whose intrinsic relationship is in accordance with Hooke’s law, [image: image] is the deformation of the flexible element, [image: image] is the deformation of the elasto-plastic damage body.
Substituting Eqs 5, 9 into Eq. 10, the creep equation of the fractional order damage creep model can be obtained as
[image: image]
INVERSION OF MODEL PARAMETERS AND THEIR VALIDATION
Based on the results of triaxial shear creep tests of microbially improved expansive soils, the parameters of the four-element fractional-order damage creep model were identified by inversion using the Levenberg-Marquardt optimization algorithm based on the least squares method. The obtained model parameters, as shown in Table 2.
TABLE 2 | Parameters of fractional-order damage creep model.
[image: Table 2]According to Eq. 10, the theoretical creep curve of microbially improved expansive soil can be obtained by substituting the relevant model parameters. The comparison of the theoretical creep curve obtained according to Eq. 11 with the experimental results is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Comparison between theoretical creep curve and tested results.
From Table 2, it can be found that although the microbially improved expansive soil specimens are somewhat discrete, leading to a less regularity in the variation of the parameters (e.g., class viscosity coefficient) obtained from the fit. However, the regularity of the variation of order β of the fractional order characterizing the nonlinear influence is more obvious. Also, the theoretical creep curves of the four-element fractional-order damage model and the experimental results are in good agreement as can be seen in Figure 6. Especially when [image: image], the correlation coefficients of the theoretical creep curves are all above 0.99. This indicates that the fractional-order viscoplastic damage body can well describe the steady-state creep and accelerated creep properties of soil samples under high stress levels. The study shows that the four-element fractional-order damage creep model, which can well describe the whole process of transient deformation, decay creep, steady-state creep and accelerated creep of microbially improved expansive soils, has good applicability.
In the research of creep model, Kelvin model and Burgers model are widely used (Jiashun et al., 2020). To verify the superiority of the fractional-order damage creep model in this paper, the integer-order Kelvin model, the fractional-order Burgers model and this paper’s model were also selected for comparative analysis, and the fitting effects of the three models could be quantitatively evaluated. The root mean squared error (RMSE), sum of squares due to error (SSE), correlation coefficient (R2), chi-squared coefficient and F-statistics were selected as evaluation indexes to obtain the evaluation results of different models, as shown in Table 3.
TABLE 3 | Evaluation results of different models.
[image: Table 3]From Table 3, it can be found that the RMSE, SSE and chi-square coefficients of the creep model evaluation results in this paper are smaller, and the values of R2 and F statistics are larger. It indicates that the fractional order damage creep model has better correlation with the test results. Therefore, the fractional-order damage creep model is verified to better reflect the whole process of shear creep of microbially improved expansive soils, and the model structure is simple and convenient for practical application.
CONCLUSION

1) The shear creep test of microbially improved expansive soil shows that when the deviatoric stress reaches a certain value, the creep curve shows three stages, such as decay creep, steady-state creep and accelerated creep.
2) The stress-strain isochronous curves show that the improved expansive soils have obvious nonlinear characteristics, and the degree of nonlinearity is related to creep time and stress level. The longer the creep time or the higher the stress level, the higher the degree of nonlinearity.
3) Based on fractional-order calculus and statistical damage theory, a fractional-order viscoplastic damage body is proposed by introducing the probability density function of Weibull distribution and considering the damage deterioration of soft body element class viscous coefficient. By combining Hooke’s spring, soft body element and viscoplastic damage body in series and parallel, a fractional-order damage creep model that can describe the shear creep evolution law of microbially improved expansive soil is established.
4) Compared with the Kelvin model of integer order and the Burgers model of fractional order, the model in this paper has better fitting accuracy, and the model structure is simple and easy to be applied in practice. It indicates that this model can better describe the shear creep properties of microbially improved expansive soils.
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Under seismic action, the stock of phosphogypsum (PG) affects the security risk significantly, so it is crucial to study the dynamic characteristics of PG. In this article, unidirectional and bidirectional vibration tests on typical PG in Yunnan under different consolidation-confining pressure and vibration conditions were carried out using a dynamic triaxial apparatus that can be used for bidirectional vibration. The results show that the pore pressure growth of PG under both unidirectional and bidirectional vibrations has obvious stages and can be fitted by the BiDoseResp function. The dynamic strength of PG does not increase monotonically with the increase in consolidation-confining pressure and dynamic stress under the same cyclic stress ratio (CSR) but varies under a specific critical condition. The dynamic strength of PG decreases significantly with the increase in CSR under unidirectional and bidirectional vibrations. The number of vibrations required for liquefaction by bidirectional vibrations is much larger than that by unidirectional vibrations under the same CSR conditions, and the specimens have significant softening characteristics after liquefaction by bidirectional vibrations. The study results can provide theoretical references for studying the dynamic stability of PG reservoirs under seismic action.
Keywords: phosphogypsum, dynamic triaxial test, bidirectional vibration, cyclic stress ratio, dynamic pore pressure, softening
1 INTRODUCTION
Phosphogypsum (PG) is a by-product of the production process of wet phosphoric acid. In recent years, the market demand for phosphorus compound fertilizer has been increasing, and the emission of PG has also been increasing (Cao et al., 2021). However, the utilization rate of PG is less than 40%, a large number of unused PG piles on the ground form PG dams, and the worldwide stockpile has reached six billion tons (Zhang et al., 2019). Phosphogypsum ponds are necessary production facilities for phosphate mines and phosphorus chemical industries and are also one of the major sources of danger. Wet PG ponds are tailings ponds. Among the various factors leading to tailings pond accidents, earthquakes are the second most important factor after heavy rainfall (Rico et al., 2008). Some of the PG ponds in operation in China are located in high-intensity seismic regions (Mi et al., 2015). Once the dams are destabilized, they will have catastrophic consequences for the downstream areas of the dams (Wang et al., 2021; Zheng et al., 2022). The former State Administration of Work Safety of China (now merged into the Ministry of Emergency Management of the People’s Republic of China, 2016) issued Safety technical regulation on phosphogypsum stack (AQ 2059-2016), and explicitly stipulated that the design of PG ponds must meet the dynamic stability requirements.
The current research on PG mainly focuses on comprehensive utilization, and there is little research on the physical and mechanical properties and other aspects of PG. Xu et al. (2008) found that PG had strong shear strength and good water stability. Shen et al. (2008) found that PG had a plate-like crystal structure, a liquid-plastic limit similar to that of powdered soil, good permeability, and unique compression and consolidation characteristics. Tayibi et al. (2009) found that the solubility of PG had a strong relationship with PH value and found that most of the particles had rhombic or monoclinic crystal structures using scanning electron microscopy. Zhang et al. (2007) studied the relationship between the solubility of PG and temperature and found that PG had obvious shear expansion characteristics in a consolidated undrained test. Mi et al. (2015) found that deposited PG had obvious anisotropy, a high friction angle, and anti-liquefaction ability. Lu et al. (2021) divided the stress-strain curve of typical PG in a triaxial shear test into three stages and summarized the dynamic parameters, such as dynamic strength, dynamic shear modulus, and damping ratio of PG, and their variation laws by a dynamic triaxial test.
Many scholars have studied the dynamic properties of rock and soil under cyclic action and achieved a lot of results (You et al., 2021; Zhou et al., 2022). Seed et al. (1966) proposed to express the relationship between the pore pressure ratio and the loading period ratio by the inverse sine trigonometric function through a dynamic triaxial test of saturated sandy soil, providing a theoretical basis for the subsequent research on the development law of the dynamic pore pressure of soil. Zhang et al. (2006) modified the Seed pore pressure model and proposed the dynamic pore pressure prediction formula applicable to tailing materials. Wang et al. (2012) conducted dynamic triaxial tests on lime-treated expansive soil with different confining pressures, vibration frequencies, consolidation ratios, and cycle numbers to discuss the dynamic properties of lime-treated expansive soil. Du et al. (2016) studied the pore pressure growth characteristics of tailing soils under cyclic loading, proposed their pore pressure growth model, and pointed out that the model was also applicable to sandy soils. Zhang et al. (2018) studied the evolution law of dynamic pore pressure of tailings under different consolidation conditions, indicated the obvious stages in the evolution of dynamic pore pressure of tailings, and deduced the critical pore water pressure equations under isostatic consolidation and anisotropic consolidation based on the limit equilibrium theory.
In the previous analyses of seismic responses, the seismic action was considered to be dominated by horizontal shear, so the unidirectional vibration cyclic load was used to simulate the seismic motion (Seed et al., 1971). In the near-field seismic action, the effect of vertical seismic force is not negligible, so using bidirectional vibrations to simulate the seismic action is more practical. In recent years, many scholars have studied the dynamic properties of soil under bidirectional vibrations. Rascol (2009) studied the coupled stress paths of dynamic spherical stress and dynamic partial stress with bidirectional vibrations under undrained conditions of saturated sandy soil. They found that the dynamic pore pressure and dynamic modulus of soil change with the amplitude of dynamic spherical stress and phase difference. Idriss et al. (1978) proposed the softening index and established the expression between the softening index and the number of cycles. Wang et al. (2009) found that the increase in cyclic partial stress and radial cyclic stress could accelerate the softening of soil when the saturated soft clay soil was under bidirectional vibrations. Xie et al. (2017) conducted multiple sets of unidirectional and bidirectional vibration tests on saturated clay and found that the accumulated plastic strain of specimens developed faster under unidirectional vibrations at the same stress level. Liu et al. (2021) found obvious phases in developing the accumulated pore pressure of saturated tailing sand under high-stress conditions and preliminarily established the dynamic pore pressure growth model of tailing silt under unidirectional and bidirectional vibrations.
Due to the limitation of test apparatuses and other reasons, there are few reports on the research of dynamic characteristics of PG under unidirectional and bidirectional vibrations. In this article, the KTL-DYN10 bidirectional dynamic triaxial apparatus (Qiankunxing Intelligent Technology Company, Qingdao, China) was used to conduct dynamic triaxial tests on PG under different consolidation and vibration conditions to explore the dynamic strength change law and damage mechanism of PG under different cyclic vibration conditions and provide a design basis for the seismic stability of PG dams.
2 EXPERIMENTAL CONTENT AND METHODS
2.1 Test Equipment
In the test, KTL-DYN10 bidirectional dynamic triaxial apparatus was applied, as shown in Figure 1. The hardware system includes axial loading equipment, a dynamic confining pressure controller, a backpressure controller, a pressure chamber, an eight-channel dynamic controller, and data acquisition equipment. The software system is a DSP high-speed digital control system with a maximum operating frequency of up to 50 Hz and a maximum dynamic stress amplitude of up to ±10 kN. Figure 2 shows the time-history curves of axial and radial loads measured simultaneously when the dynamic load is 100 kPa. It can be seen from the figure that the axial and radial loads are stable, indicating that the apparatus has good performance and the test results are credible.
[image: Figure 1]FIGURE 1 | KTL-DYN10 bidirectional dynamic triaxial apparatus.
[image: Figure 2]FIGURE 2 | Time–history curves measured under bidirectional vibrations: (A) Time–history curves of axial stress; (B) time–history curves of radial stress.
2.2 Test Soil Sample and Test Preparation
The PG used in this experiment was taken from a PG pond discharged from a group in Yunnan after producing phosphoric acid. The PG is dark gray. Its chemical components are shown in Table 1, and its main component is gypsum dihydrate. The measuring results of the test show that the liquid limit of PG is 26.8%, the plastic limit is 18.4%, and the plasticity index is 8.4. The diameters of its particles are mainly between 0.005 and 0.075 mm, closer to that of pulverized soil, and the cumulative curve is shown in Figure 3. The inhomogeneity coefficient Cu is 3.45, and the curvature coefficient Cc is 1.52. The above analyses show that the PG has a concentrated particle size, a narrow distribution range, and good uniformity, which is not conducive to the stability of the tailings ponds.
TABLE 1 | Chemical components of PG/%.
[image: Table 1][image: Figure 3]FIGURE 3 | Cumulative curve of the particle size distribution of PG.
The main component of PG is gypsum dihydrate. When the temperature exceeds 60°C, dihydrate gypsum starts to dehydrate and becomes hemihydrate gypsum or anhydrous gypsum, as shown in Eq. 1:
[image: image]
Therefore, in the process of specimen preparation, to avoid losing crystal water during drying, according to the China national standard Phosphogypsum (Global, 2018), the drying temperature of PG is suggested to be 40 ± 2°C. In the test, cylindrical specimens with a diameter of 50 mm and a height of 105 mm that were compacted in four layers were used, as shown in Figure 4. According to the deposition law in most PG dams, the dry densities of the samples were determined to be 1.12 g/cm3.
[image: Figure 4]FIGURE 4 | Test sample.
2.3 Test Scheme
Under unidirectional vibrations, [image: image]. Under bidirectional vibrations, [image: image]. Under the same CSR conditions, cyclic dynamic stress of [image: image] was applied in the axial direction under unidirectional vibrations, and cyclic dynamic stress of [image: image] was applied in the radial and axial directions under bidirectional vibrations. A sine wave was chosen for the test, the vibration frequency was 1 Hz, and the phase angle was set to [image: image] for bidirectional vibrations. The pore pressure reaching 95% of the consolidation confining pressure during the liquefaction was used as the damage standard of PG. After the specimens were prepared, they were saturated with CO2, distilled water, and back pressure to increase the saturation of the specimens. When the saturation reached 97% (B > 0.97), the consolidation was carried out under the corresponding conditions, and the dynamic load was applied after the consolidation was completed.
Fourteen sets of valid test data were obtained. Six groups of tests were designed under the same CSR conditions with unidirectional vibrations, and the consolidation-confining pressure and dynamic stress were gradually increased. The other eight groups of tests were performed under the same consolidation confining pressure, and the CSR was continuously increased under unidirectional and bidirectional vibrations. The specific test scheme is shown in Table 2.
TABLE 2 | Test scheme.
[image: Table 2]3 TEST RESULTS AND ANALYSIS
3.1 Pore Pressure Growth Characteristics of PG Under Unidirectional and Bidirectional Vibrations
Under seismic action, PG dams have the risk of liquefaction and instability. Their evolution law of pore pressure can reflect their liquefaction process. Therefore, it is necessary to analyze the development law of pore pressure when studying the dynamic characteristics of PG under unidirectional and bidirectional vibrations.
The thickness of the development curves of instantaneous pore pressure indicates the difference between the maximum and minimum pore pressure in this vibration cycle, which is related to the dynamic strength of the specimens and the applied dynamic stress. Figure 5 shows the growth curves of instantaneous pore pressure of typical PG under unidirectional and bidirectional vibrations, vibration number ratio is the ratio of current vibration times to pore pressure corresponding to liquefaction, and pore pressure ratio is the ratio of current pore pressure to consolidation confining pressure. Under the same conditions, cyclic dynamic stress of [image: image] was applied in the axial direction under unidirectional vibrations, and cyclic dynamic stress of [image: image] was applied in the radial and axial directions under bidirectional vibrations. The axial and radial dynamic stresses are equal in size and opposite in direction, and the phase angle is 180°. So the dynamic stress applied under unidirectional vibrations is two times that under bidirectional vibrations, and the thickness of the curves of the instantaneous pore pressure under unidirectional vibrations is significantly greater than that under bidirectional vibrations.
[image: Figure 5]FIGURE 5 | Development curves of instantaneous pore pressure of typical PG: (A) unidirectional vibrations; (B) bidirectional vibrations.
According to the growth curve of instantaneous pore pressure and the range of pore pressure ratio, under unidirectional vibrations, the liquefaction process of PG can be divided into four stages (Figure 5A): the rapid growth stage of pore pressure (pore pressure ratio between 0 and 0.2), the stable growth stage of pore pressure (pore pressure ratio between 0.2 and 0.7), the instantaneous failure stage (pore pressure ratio between 0.7 and 0.9), and the complete liquefaction stage (pore pressure ratio between 0.9 and 1.0). Under bidirectional vibrations, the liquefaction process can be divided into five stages (Figure 5B): the rapid growth stage of pore pressure (pore pressure ratio between 0 and 0.2), the stable growth stage of pore pressure (pore pressure ratio between 0.2 and 0.7), the slow growth stage of pore pressure (pore pressure ratio between 0.7 and 0.85), the instantaneous failure stage (pore pressure ratio between 0.85 and 0.9), and the complete liquefaction stage (pore pressure ratio between 0.9 and 1.0).
At the rapid growth stage of pore pressure, the pore pressure increases rapidly, and the growth curve is convex. At the stable growth stage of pore pressure, the pore pressure increases steadily, the growth curve of instantaneous pore pressure is thick, and the PG has a high anti-liquefaction ability. The slow growth stage of pore pressure exists only under bidirectional vibrations, the growth rate of pore pressure gradually decreases at this stage, and the specimens maintain high strength. At the instantaneous failure stage, the pore pressure increases sharply, the difference between the maximum and minimum pore pressure decreases rapidly, the PG structure is destroyed rapidly, and the liquefaction strength is significantly reduced. At the complete liquefaction stage, the pore pressure approaches consolidation confining pressure; the growth rate of pore pressure is significantly reduced; the specimens are completely liquefied; the internal structure of PG is completely destroyed; the particles move disorderly; a large amount of interparticle pore water and bound water discharge continuously, so the curves of instantaneous pore pressure thicken again.
3.2 The Development Law of Pore Pressure and Analysis of the Dynamic Stress-Strain Curves of PG Under the Same CSR Conditions
3.2.1 The Development Law of the Pore Pressure of PG Under the Same CSR Conditions
According to the general law of soil dynamics (Xie et al., 2011), higher consolidation confining pressure indicates greater corresponding burial depth, tighter interparticle connection, and stronger anti-liquefaction ability. With the increase in dynamic stress, the seismic ability increases, while the anti-liquefaction ability decreases. However, the effect of the simultaneous action of the consolidation confining pressure and the dynamic stress on the dynamic properties of PG is unclear, so this section explores the joint effect of simultaneously increasing the two on the dynamic strength of PG under the same conditions, analyzes its development law of pore pressure, and discusses the dynamic stress-strain curve.
Figure 6 shows the development curves of the pore pressure of PG under the same conditions. The test results show that when the consolidation confining pressure is low ([image: image] < 200 kPa), the liquefaction rate of PG gradually accelerates with the increase in consolidation confining pressure and dynamic stress, and the increase in dynamic stress is the dominant factor of PG liquefaction; when the consolidation confining pressure is high ([image: image] > 200 kPa), the liquefaction rate of PG gradually decreases with the increase in consolidation confining pressure and dynamic stress, and the increase in consolidation confining pressure is the dominant factor of PG liquefaction; when [image: image] = 200 kPa and [image: image] = 100 k Pa, the liquefaction rate of PG is the fastest, and the cycle number is about 270 times.
[image: Figure 6]FIGURE 6 | Development curves of accumulated pore pressure under unidirectional vibrations with the same CSR conditions.
When the confining pressure is low, with the rise of the confining pressure, some of the pore water and bound water in the PG skeleton seep out in a large amount (Shen et al., 2008), and some of the interparticle contact point lattices distort and deform, leading to smaller growth of the anti-liquefaction ability of PG with the increase in the confining pressure. Because PG has the property of being slightly soluble in water, some water channels form inside the specimens at the saturation stage (Zhang et al., 2007). At small amplitudes, some particles gradually move to the water channels. However, the water channels are not completely closed, and the particles gradually disorder and tend to be unstable under the vibration load. Therefore, at this stage, dynamic stress is the dominant factor of specimen liquefaction, and the dynamic strength gradually decreases with the growth of confining pressure and dynamic stress.
When the confining pressure is high, most of the pore water and bound water in PG have been discharged. With the increase in confining pressure, the interparticle connection tends to close, and PG stability gradually increases, so the increase in confining pressure enhances the anti-liquefaction ability of PG. At large amplitudes, most particles quickly move to and block the internal pores and water channels of PG to stabilize the sample structure. Therefore, at this stage, the consolidation confining pressure is the dominant factor of specimen liquefaction, and the dynamic strength gradually increases with the growth of confining pressure and dynamic stress.
When confining pressure is low, some of the pore water and bound water in the PG skeleton seep out in a large amount; near [image: image] = 200 kPa when the pore water and bound water began to drain completely; when [image: image] > 200 kPa, with the confining pressure continuing to increase, the particles gradually become dense and stabilized, so near [image: image] = 200 kPa when the PG reached the critical confining pressure. Similarly, near [image: image] = 100 kPa, the water channels gradually closed, so near [image: image] = 100 kPa PG reached the critical dynamic stress. Therefore, under the conditions of [image: image] = 200 kPa and [image: image] = 100 kPa, there is a critical phenomenon of PG liquefaction rate, and the liquefaction rate reaches the fastest at this time.
If we continue to increase the consolidation confining pressure and dynamic stress ([image: image] = 600 kPa, [image: image] = 300 kPa), the number of cycles required for liquefaction can reach 1,070 times, as shown in Table 2, indicating that the interparticle connection of PG tends to be tightened under high confining pressure, and the dynamic strength increases if we continue to increase the confining pressure and dynamic stress under the same CSR conditions.
3.2.2 The Analysis of Dynamic Stress–Strain Hysteresis Curves
Comparing the dynamic stress-strain curves of PG under different conditions in Figure 7, we can find that PG is axially compressed under cyclic loading. With the increase in the number of cycles, the centers of the curves keep moving in the direction of axial compression, producing plastic damage, and reflecting the deformation accumulation characteristics of PG to cyclic loading. Under cyclic loading, PG strain steadily increases after reaching the initial effective stress, showing cyclic activity. After the structural damage, the dynamic stress that the specimens can withstand decreases and converges to a constant value (Figure 7C). Before the structural damage of PG specimens, the axial strain hardly changes, indicating that the PG has high strength before the structural damage, but with the continuous application of cyclic loading, the PG structure is damaged, and the deformation increases rapidly.
[image: Figure 7]FIGURE 7 | Dynamic stress–strain curves under different stress conditions with the same CSR. (A) [image: image] = 100 kPa, CSR = 0.25, [image: image] = 50 kPa; (B) [image: image] = 200 kPa, CSR = 0.25, [image: image] = 100 kPa; (C) [image: image] = 300 kPa, CSR = 0.25, [image: image] = 150 kPa.
Under the same CSR conditions, when the confining pressure is low ([image: image] < 200 kPa), the dynamic stress applied to the PG is small, and the pore pressure grows slowly to the consolidation confining pressure to complete liquefaction, at which time the peak value of the dynamic stress-strain hysteresis curve remains unchanged, and the specimens still have a large load-bearing capacity (Figure 7A). When the confining pressure is high ([image: image] > 200 kPa), with the increase in dynamic stress, the growth rate of pore pressure gradually accelerates, the structures of the specimens are damaged after liquefaction, and the cyclic loading-bearing capacity reduces (Figure 7B). At this time, the peak values of the dynamic stress-strain hysteresis curves decrease. In addition, the density of the hysteresis curves reflects the dynamic strength of the specimens to a certain extent. Under the same CSR conditions, the hysteresis curve when [image: image] = 100 kPa is denser than that when [image: image] = 200 kPa and [image: image] = 300 kPa, indicating that PG has higher strength when [image: image] = 100 kPa. This conclusion is verified in the aforementioned pore pressure law.
3.3 Comparison of Pore Pressure Development and Study of the Growth Model of PG Under Unidirectional and Bidirectional Vibrations With Different CSR Conditions
3.3.1 The Development Law of the Pore Pressure of PG With Unidirectional and Bidirectional Vibrations Under Different CSR Conditions
As shown in Figure 8, under the same consolidation confining pressure, the development laws of accumulated pore pressure under unidirectional and bidirectional vibrations are roughly the same. The liquefaction rate of PG gradually accelerates with the increase in CSR, and the number of vibrations required for liquefaction by bidirectional vibrations (Figure 8B) is much larger than that by unidirectional vibrations (Figure 8A). When CSR = 0.45, the specimens are cycled 36 times under unidirectional vibrations to complete liquefaction, while they are cycled more than 1,220 times under bidirectional vibrations to complete liquefaction.
[image: Figure 8]FIGURE 8 | Development curves of accumulated pore pressure of PG under different vibration conditions: (A) unidirectional vibrations condition; (B) bidirectional vibrations condition.
3.3.2 BiDoseResp Pore Pressure Growth Model of PG
Previous scholars have proposed corresponding pore pressure growth models, such as the inverse sine trigonometric function model proposed by Seed et al. (1966) and the growth model of dynamic pore water pressure applicable to tailings materials proposed by Zhang et al. (2006) based on seed. However, the aforementioned pore pressure growth models can only describe the growth curves of dynamic pore pressure at stages in which a small amount of accumulated pore pressure grows, which are not applicable to the multi-stage accumulated dynamic pore pressure of PG. Combining the test results and the curve characteristics at each stage and citing the BiDoseResp function of the dynamic pore pressure growth model (Du et al., 2016) of tailings silt (as shown in Figure 9 and Eq. 2), we found that the characteristics at each stage of PG pore pressure growth were consistent with the h1-A2 section curve in the BiDoseResp function:
[image: image]
where A1, A2, c, v1, v2, h1, and h2 are model parameters; A1 and A2 are the range of the model; h1 is the slope of the pore pressure curve at the rapid growth stage; and h2 is the slope of the curve at the instantaneous failure stage. The fitted curves are shown in Figures 6 and 8. The BiDoseResp function is used to fit the curves of PG pore pressure ratio versus vibrations under unidirectional and bidirectional vibrations, and the fitting effect is good. The specific fitting parameters are shown in Table 3. The fitting results in Table 3 indicate that the slopes of the curves at the rapid growth stage and the instantaneous failure stage under unidirectional and bidirectional vibrations increase with the increase in CSR, and the growth rates of pore pressure at the rapid growth stage and the instantaneous failure stage under unidirectional vibrations are greater than those under bidirectional vibrations. In addition, the fluctuation range of parameters v1 and v2 is large, and the fluctuation range of the remaining parameters is relatively small. The fitting degree is more than 0.990. Therefore, it can be considered that the model has good applicability to the development law of the accumulated pore pressure of saturated PG under unidirectional and bidirectional vibrations.
[image: Figure 9]FIGURE 9 | BiDoseResp function characteristics.
TABLE 3 | Fitting results of model parameters.
[image: Table 3]3.4 Softening Phenomenon of PG Under Bidirectional Vibrations
While the pore water pressure rises under cyclic loading, the strength of PG softens. To ensure the safety and stability of PG dams under seismic action, it is important to study the strength softening law of PG under cyclic loading. By conducting unidirectional and bidirectional vibration tests on PG under the same CSR conditions, we found that PG had a significant strain-softening phenomenon after liquefaction by bidirectional vibration (Figure 10). Numerous scholars have studied the cyclic softening of soil: Idriss et al. (1978) firstly proposed the softening index. Considering the effect of initial consolidation confining pressure, Wang et al. (2009) redefined the softening index δ as (Eq. 3):
[image: image]
where [image: image] and [image: image] are the maximum and minimum deviatoric stress of the soil sample in each cycle; [image: image] and [image: image] are the maximum and minimum axial strains in the first cycle; and [image: image] and [image: image] are the maximum and minimum axial strains in the Nth cycle, respectively.
[image: Figure 10]FIGURE 10 | Softening phenomenon of PG after liquefaction by bidirectional vibrations.
From the development curves of the softening index δ in Figure 11, it can be observed that:
1) With the increase in cyclic vibration times, the softening indexes of PG under unidirectional and bidirectional vibrations are gradually reduced. Under the same consolidation confining pressure, larger CSR suggests a faster decrease in the softening index and a higher softening degree. The softening index curves of PG under unidirectional and bidirectional vibrations have the same decreasing trends. When the softening index decreases to about 0.3 at the later liquefaction stage, the softening index of PG decreases rapidly under both unidirectional and bidirectional vibrations, and the softening of PG is accelerated, corresponding to the instantaneous failure stage. When the softening index decreases to about 0.2, the softening index decreases slowly to the minimum, corresponding to the complete liquefaction stage. The decreasing rate of PG softening indexes during liquefaction is positively correlated with the growth rate of pore pressure, indicating that the strength softening of PG is mainly caused by the growth of dynamic pore pressure, which leads to the structural damage of the specimens.
2) Under the same CSR conditions, the number of vibrations required for liquefaction of PG by bidirectional vibrations is significantly higher than that by unidirectional vibrations, but the softening index of liquefaction by bidirectional vibrations is slightly lower than that by unidirectional vibrations, indicating that the structural damage of PG is more adequate under bidirectional vibrations, the integrity of the specimens is significantly reduced after liquefaction, and PG has significant strain-softening characteristics and presents certain mobility.
[image: Figure 11]FIGURE 11 | Effect of different CSR on softening index of PG under different vibration condition: (A) unidirectional vibrations condition; (B) bidirectional vibrations condition.
4 CONCLUSION
In this article, through the dynamic triaxial tests of PG under different consolidation and vibration conditions. The main conclusions are as follows:
1) The development curve of instantaneous pore pressure of PG under unidirectional vibrations can be divided into the rapid growth stage of pore pressure, the stable growth stage of pore pressure, the instantaneous failure stage, and the complete liquefaction stage. Under bidirectional vibrations, it can be divided into the rapid growth stage of pore pressure, the stable growth stage of pore pressure, the slow growth stage of pore pressure, the instantaneous failure stage, and the complete liquefaction stage.
2) The joint effect of consolidation confining pressure and dynamic stress on PG was explored. Due to the special consolidation and physical properties of PG, the liquefaction strength does not increase monotonically with the increase in dynamic stress and consolidation confining pressure under unidirectional vibrations with CSR = 0.25. However, there is a critical point when [image: image] = 200 kPa and [image: image] = 100 kPa, and under this condition, the liquefaction rate of PG reaches the highest.
3) The comparison tests of unidirectional and bidirectional vibrations of PG under the same CSR conditions show that the number of vibrations required for liquefaction of PG under bidirectional vibrations is much larger than that under unidirectional vibrations, the increasing trends of accumulated pore pressure are roughly the same, and the development curves of accumulated pore pressure under both the vibrations can be fitted by BiDoseResp function model with good consistency.
4) After liquefaction by bidirectional vibrations, the structure of PG is completely destroyed, and PG is significantly softened and presents certain flow characteristics. The research results have certain reference significance for the seismic design of PG dams.
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Loess is widely deposited in arid and semi-arid areas and is characterized by low dry density, developed pore space, and loose structure, which is not commensurate with high structural strength and shear strength in the dry state. Many natural phenomena and experimental results show that intact loess is very sensitive to the change of water content, and a slight increase in water content can cause a rapid reduction in strength. Abundant information is available in the literature for the collapsibility of loess. However, research on the evolution of loess compressibility during wetting, which is very helpful in understanding loess collapsible deformation caused by long-term irrigation, remains minimal. To this end, in this article, the evolution of the compressibility of intact loess at different wetting stages is investigated by oedometer tests, and microstructure and pore size distribution (PSD) were characterized on intact loess specimens at different water contents before and after oedometer tests by scanning electron microscope (SEM) and mercury intrusion porosimetry (MIP) methods. The results show that the compression index (Cc) and secondary compression index (Cα) of intact loess depend on water content and vertical stress and change abruptly when vertical stress exceeds yield stress. Cα/Cc values of intact loess are not constant, which increases with vertical stress to a peak and then gradually decreases to 0.025. Wetting and loading can cause damage to the microstructure of intact loess; specifically, loading leads to the collapse of the overhead structure and the transformation from a bimodal PSD into a unimodal PSD, and wetting intensifies the collapse of the microstructure to form a compacted interlocking structure and promotes the transformation of medium pores into small pores.
Keywords: intact loess, water content, compressibility, microstructure, SEM, MIP
1 INTRODUCTION
Loess is aeolian sediment in arid and semi-arid areas, which is widely distributed in Africa (Nouaouria et al., 2008), South America (Francisca, 2007), North America (Saye et al., 1988), Europe (Bally, 1988), Oceania (Yates et al., 2018), and Asia (Youssef and Maerz, 2013; Sadeghi et al., 2019; Zhang et al., 2019), especially in the Loess Plateau of China, with continuous distribution and enormous thickness (Liu, 1985). The unique material composition, depositional environment, and depositional mode have resulted in a weakly cemented, highly porous metastable structure of loess, which is characterized by aggregate particles and overhead structure. The metastable structure has a decisive role in the collapsibility and compressibility of loess when wetted and loaded (Gao, 1988; Assallay et al., 1997; Li et al., 2016). Natural loess at a low water content has high strength and remains stable; however, even if wetted slightly, its strength decreases sharply, resulting in the destruction and collapse of the structure under loading, not to mention inundated (Wen and Yan., 2014; Yates et al., 2018). Numerous geological disasters in the loess area are closely related to the great deformation caused by wetted loess, such as differential settlement (Hou et al., 2019), earth cracks (Lu et al., 2019), and destruction of infrastructures (Bally, 1988; Saye et al., 1988). With the development of society, increasing human activity in the Loess Plateau will bring about more potential problems of loess collapse caused by wetting. Among them, long-term irrigation is the most important factor for the frequent occurrence of geological disasters (such as landslide and land subsidence) in the loess tableland (Juang et al., 2019). However, compared with landslides (Xu et al., 2014; Leng et al., 2018), literature concerning land subsidence caused by long-term irrigation is very limited (Hou et al., 2019).
Since the last century, geotechnical practitioners and researchers have studied the problem of collapsible deformation of loess due to wetting. Many researchers proposed the method of measuring the collapsibility coefficient by the double oedometer and soaking triaxial test (Reznik, 1992; Jiang et al., 2012), summarized the relationship between soil physical and mechanical properties and collapsibility (Handy, 1973; Grabowska-Olszewska, 1989; Francisca, 2007; Sadeghi et al., 2019; Zhang et al., 2019), suggested the prediction model of loess collapsibility (Xie et al., 2018; Hou et al., 2019), clarified the collapsible mechanism based on the mineral composition and microstructure of loess (Barden et al., 1973; Dijkstra et al., 1995; Assallay et al., 1997; Smalley and Marković, 2014; Li et al., 2016; Liu et al., 2016), and estimated collapsibility deformation in the field through the loess collapsibility coefficient measured in the laboratory (Shao et al., 2015). The works reported in literature focused on the characteristics and mechanism of the instantaneous collapse of loess during inundating. However, accurately estimating the loess settlement deformation caused by long-term irrigation based on the results of the loess collapse test in laboratory is difficult. The main reasons are as follows: 1) within the influence range of irrigation infiltration, the water content of the soil increases, but the soil is nearly saturated only in the surface layer (Hou et al., 2018). 2) Changes in soil properties caused by the development of wetting deformation are observed. 3) This process is long term, and the secondary compression of soil should not be ignored. Therefore, to estimate the settlement deformation due to long-term irrigation accurately, a better understanding of the evolution of the compressibility of intact loess during wetting is required. Limited information is found in literature for the wetting deformation of loess, which introduces the relationship between the wetting deformation coefficient and influencing factors (such as vertical stress, properties of loess, and wetting water content) and only for remolded loess (Yang et al., 2017).
The microstructure remarkably affects the hydro-mechanical behavior of loess. However, the evolution of the microstructure of loess during wetting and loading remains unclear. The evolution information of loess microstructure under wetting and loading helps to better understand the compression deformation characteristics of loess and provides a solid basis for the constitutive model that can better fit the hydro-mechanical behavior of loess (Wang et al., 2018; Wang et al., 2020). Particle pattern, contact relation, bonding material, and pore size distribution (PSD) are the key factors of metastable loess microstructure, and accurately characterizing them is important for understanding the deformation of loess due to wetting (Gao, 1980a; Gao, 1980b; Li et al., 2016). A scanning electron microscope (SEM) is commonly used to observe the microstructure of soil, thus playing an important role in observing the particle morphology, interparticle cementation, and size and shape of the pore. In addition, the SEM images are processed by image processing software to acquire the quantitative information of microstructure (Li and Li, 2017; Li et al., 2019), but this work is extremely cumbersome and involves some subjective judgments on the distinguishing between particles and pores (Li et al., 2016; Wang et al., 2018; Wang et al., 2020). Mercury intrusion porosimetry (MIP) is a reliable technique for measuring pores of the soil. Although the original structure of loess may be destroyed during the early intrusion, many studies have successfully measured the PSD of loess using the MIP method (Lei, 1987; Jiang et al., 2014; Ng et al., 2016; Shao et al., 2018; Wang et al., 2018; Wang et al., 2020). The combination of the two testing techniques can fully and accurately characterize the microstructure of loess and has been applied in the understanding of loess microstructure (Lei, 1987) and the analysis of the microstructure evolution of loess during shearing and collapsing (Jiang et al., 2014; Ng et al., 2016; Shao et al., 2018; Wang et al., 2018; Li et al., 2020; Wang et al., 2020). The water content of intact loess greatly influences its compressibility, but so far, the understanding remains insufficient, that is, the influence of water content on the microstructure of intact loess and the microstructure evolution during wetting and loading.
This article presents the results of oedometer tests performed on intact loess at different water contents, focusing on the evolution of the compressibility of intact loess under wetting and loading. To explore the mechanism of compression response, microstructures of intact loess specimens at different water contents before and after compression are characterized by SEM and MIP, which are compared and analyzed in terms of the evolution of the particle contact relation and PSD.
2 MATERIALS AND METHODS
2.1 Materials
Lanzhou is located in the northwest of the Loess Plateau in China, where thick loess distributes entirely in the sense of stratigraphy, and the three main stratigraphic units of loess are named Wucheng loess (Q1), Lishi loess (Q2), and Malan loess (Q3). All loess samples were excavated by utilizing hand tools at a depth of 3–4 m below the slope top, which is the Malan loess and is yellow, as shown in Figure 1A. The excavated loess blocks were carefully cut into several 25-cm cubes and immediately sealed in cling film. They were then wrapped in a plastic membrane and coated with melted paraffin. Finally, the wrapped blocks were placed in specifically designed wooden boxes equipped with shock absorption foam on all inner sides, as shown in Figure 1B. These works were carried out on samples in order to preserve the natural water content as much as possible and minimize the disturbance during transportation.
[image: Figure 1]FIGURE 1 | Procedures of block samples: (A) trimming a block sample; (B) packing with a plastic membrane and preserving the sample in a wooden box.
Some basic physical properties of loess are summarized in Table 1. The intact loess is dry with a water content of 7.14% and a low dry density of 1.396 g/cm3. Based on the indoor tests, the specific gravity, liquid limit, and plastic limit of the studied loess were determined as 2.78, 29.7%, and 17.9%, respectively. The particle size distribution, as shown in Figure 2, was tested by the particle size analyzer Mastersizer 2000, which indicated that the loess dominantly comprises silt, accounting for 80.78%, and contains a small amount of clay (10.36%), which has a controlling effect on the mechanical behavior of loess (Cilek, 2001; Smalley and Marković, 2014; Li et al., 2016). The mineralogical composition of the loess was obtained by X-ray diffraction, which reveals that the loess consists mainly of non-clay minerals (quartz, albite, and calcite), accounting for more than 79%. Calcite (8.4%) in the soil needs to be focused on since some studies have shown that calcite is an essential component for enhancing the mechanical strength of loess (Wen and Yan., 2014; Meng and Li, 2019; Pihlap et al., 2021). In addition, loess also contains some clay minerals, mainly illite, accounting for 15.1%. The cementation effect of clay minerals and secondary calcite is an essential factor in the formation of the metastable structure of loess (Cilek, 2001; Smalley and Marković, 2014; Li et al., 2016; Liu et al., 2016).
TABLE 1 | Geotechnical characteristics of the studied loess.
[image: Table 1][image: Figure 2]FIGURE 2 | Particle size distribution of studied loess.
2.2 Test Methods
2.2.1 Specimen Preparation
The specimens for oedometer tests were trimmed from the block sample with steel rings of 61.8 mm in diameter and 20 mm in height, which have a natural water content of 7.14%. The other specimens were wetted by adding distilled water onto the natural specimens to saturation degrees of 30%, 40%, 50%, 60%, 70%, 80%, and 90%. Saturated specimens were obtained by the vacuum saturation approach. The wetted specimens were wrapped in cling film and placed in a moisture chamber for 72 h in order to ensure the uniform distribution of water to the maximum extent. The initial state of each specimen is shown in Table 2.
TABLE 2 | Specimens of the oedometer test.
[image: Table 2]2.2.2 Oedometer Test
Xie and Xing, (2016) concluded that the total amount of deformation of loess when it is wetted to certain water content under a certain pressure is independent of the stress path, the wetting path, and the sequence of loading and wetting; therefore, for a specific loess specimen, the pore ratio after wetting and compression is unique, and based on which, Shao et al. (2018) studied the wetting collapse characteristics of remolded loess. Similarly, this study simulates the evolution of loess compressibility during wetting by means of compression tests on specimens at different wetting stages. The specimens were first installed onto the oedometer boxes, a wetted cotton cloth was stuffed into the water tank of the box to reduce the evaporation of the unsaturated specimens, and the saturated specimen was filled with water in the water tank. Then, the axial displacement transducer was installed and checked if all parts were in contact. Finally, the data acquisition system was turned on and the loading process was initiated. The loading paths for each specimen were 12.5, 25, 50, 100, 200, 400, 800, 1,600, and 3,200 kPa. The compression test stability standard was 24 h after loading (Standardization Administration of China (SAC), Ministry of Water Resources, 2019). For secondary compression stability standard, the loading time was extended under each loading until axial deformation was less than 0.002 mm per day (Ge et al., 2015). After the test, the specimens were carefully taken out from the apparatus and freeze-dried for microstructure tests. The state of each specimen after compression is shown in Table 2.
2.2.3 Microstructure Test
The microstructure of intact loess due to wetting and the microstructure evolution of loess at different saturations after compressing were observed and compared using SEM and MIP, focusing on particle morphology, contact relation, bonding materials, and PSD. Five specimens were observed, including natural and saturated loess and after-compressed intact, 50% saturated and unsaturated loess, which were dried by the freezing method to reduce the damage to the microstructure during specimen preparation.
Cubic bars with the dimensions of 2 cm × 1 cm × 1 cm (length × width × height) were carefully trimmed off from the dried specimens and broken from the middle to reveal a fresh surface and coated with gold for SEM. A series of SEM images at different magnifications were taken for each sample to observe the morphology of the particle distribution and the details of the particle contact.
The samples of MIP were cubes with a side length of 1 cm, which were trimmed out from dried specimens same as that for SEM samples. Mercury is a non-wetting fluid that requires external pressure to intrude into the pore of soil, which progressively intrudes into tinier pores as the pressure increases, and the intrusion volume of mercury and intrusion pressure can be continuously monitored. A simplified assumption is that pores are cylindrical and the relationship between intrusion pressure and intruded pore diameter can be written as: P = −4γcosθ/D, where P is the pressure that the mercury can intrude into the pore with the diameter of D, γ is the surface tension of mercury, and θ represents the contact angle of the mercury with the pore walls. In this article, γ = 0.485N/m, θ = 130°, and mercury intrusion pressure in MIP instrument ranges from 0.52 psi to 54955.09 psi.
3 RESULTS AND DISCUSSION
3.1 Evaluation of Compressibility
Benatti and Miguel (2013) proposed the structural models for colluvial and lateritic soil based on their three stages of collapsible behavior, considering the effects of matrix suction and cementation. Analogously, intact loess has typical characteristics of unsaturated and intergranular cementation. Figure 3 shows that the compression of loess can be divided into three stages in the 1+e-logσv coordinate: (I) the skeleton particles become tighter, with a slight linear decrease in the void ratio at low vertical stress. (II) Interparticle cementations and aggregates gradually break, and overhead structure collapses, with decreasing void ratio at an increasing rate of change in void ratio at intermediate vertical stress. (III) Complete breakage of interparticle cementations and aggregates and particle rearrangement, with a sharp decrease in the void ratio at high vertical stress. However, these stages are not completely separated, for example, cementation breakage and particle movement are also observed in stage I, but only elastic compaction is predominant. A curved connection (Stage II) between two straight lines (stages I and III) indicates that interparticle cementation gradually fractures with increasing vertical pressure. In the ln (1 + e)-logσv plane, the pore ratio varies nearly linearly with increasing vertical pressure in the two phases of elastic compaction and particle rearrangement, and the vertical pressure corresponding to the intersection of the two linear segments is determined as yield stress (Sridharan et al., 1991; Cheng et al., 2020; Leng et al., 2021).
[image: Figure 3]FIGURE 3 | Schematic diagram of the loess compression evolution process.
Figure 4A shows the compression curves of intact loess at different initial water contents in the e-logσv plane. The void ratio of all specimens decreases with vertical stress; at the same initial pore ratio and higher initial water content, and the faster void ratio decreases. According to the method proposed by Sridharan et al. (1991), the yield stress values of intact loess at different initial water contents were determined, as shown in Figures 4B–D. When the water content of the specimens is low, the two straight sections are evident, as shown in Figure 4B. When the water content of the specimens is very high, the slope of the two straight lines is almost the same, as shown in Figure 4D. The intersection of the two lines gradually moves to the left as water content increases, that is, the higher the water content is, the smaller the yield stress of the intact loess. Yield stress decreases sharply and then stabilizes as water content increases, as shown in Figure 5, in which the relationship can be well-fitted by the power function based on initial water content w0. This result is consistent with the conclusion of other articles (Chen et al., 2006; Leng et al., 2021), as presented in Figure 5. Moreover, the yield stress of intact loess is approximately 530 kPa, which is substantially higher than the overburden earth pressure, and some researchers (Muñoz-Castelblanco et al., 2012; Sadeghi et al., 2019) presumed that the apparent over-consolidation should be related to the soil-forming process, where cementation between skeletal particles provides great cohesion.
[image: Figure 4]FIGURE 4 | Compression curve of intact loess at different water contents:(A) compression curves in an e-logσv coordinate system; (B–D) compression curves in the ln (1 + e)-logσv coordinate system.
[image: Figure 5]FIGURE 5 | Relationships between yield stress and initial water content of intact loess.
Compression index (Cc) is the slope of the compression curve that can be defined as Cc = ∆e/∆logσv, which evolves with vertical stress and is frequently used to evaluate the compressibility of soils. Figure 6 shows the variation of compression index with vertical stress, and the compression index of each specimen increases with increasing vertical stress. However, the evolution of the compression index of specimens at different water contents follows different paths. The compression index of loess at low water content increases slowly and then sharply with vertical stress. By contrast, the compression index of loess with high water content is initially high and then increases gradually with vertical stress, but the variation rate gradually decreases. Further observation of the evolution of the compression index shows that the difference of the evolution path of the compression index seems related to yield stress. When the vertical stress exceeds yield stress, the compression index increases greatly. The evolution of the compression index with vertical stress is related to yield stress, which is similar in other soils (Arenaldi Perisic et al., 2019; Rezania et al., 2020). The further increase of compressibility at a low water content when vertical stress exceeds yield stress may arise from two aspects: on the one hand, the fracture of inter-particle cementation leads to sudden reduction in strength and a great deal of pore space remains after the previous loading; on the other hand, the increase in saturation due to volume compression contributes to the compressibility of unsaturated soil (Rezania et al., 2020). Table 2 shows that although the water content of the specimen decreases after compression, the saturation increases.
[image: Figure 6]FIGURE 6 | Variation of compression index Cc with vertical stress for intact loess at different water contents.
3.2 Evaluation of Secondary Compressibility
The compression of soils consists of two stages: the primary compression stage, in which effective stress is increased with the extrusion of pore water and pore gas, resulting in the compression of soil volume, and the secondary compression stage, in which effective stress is constant, and the packing density of soil particles increases slowly with time (Mitchell and Soga, 2005). The study of the secondary compression characteristics of soils is of great importance in evaluating long-term stability, especially in loess areas of China. When evaluating the settlement deformation caused by long-term irrigation in the loess tableland, secondary compression deformation cannot be ignored.
The demarcation point of primary and secondary compression in the void ratio versus the logarithm of time (e-logt) is not easy to determine accurately and quickly. Mataic et al. (2016) suggested that secondary compression of soft clay soil occurs from the period of 6–24 h for each load increment; the summary of loess secondary compression shows that the time corresponding to the demarcation point of primary and secondary compression of loess gradually prolongs with the increase in vertical stress and is distributed within 46–200 min (Ge et al., 2015; Zhi et al., 2018). To reduce the complexity and subjective error of determining the demarcation point, this study considers that the secondary compression stage is the period from 200 min to the moment at which deformation stability occurs (vertical deformation is less than 0.002 mm per day). During this period, the void ratio decreases linearly with the logarithm of time, whose slope is defined as the secondary compression index and is usually expressed as Cα = ∆e/log (t2/t1), where t1 is the time of the demarcation point of primary and secondary compression, t2 is the time of deformation stability, and ∆e is the change in the void ratio during the secondary compression stage.
Figure 7 shows the variation in the void ratio with the logarithm of time for loess at different water contents, such as 7.14% (natural water content), 18.03%, 25.10%, and 35.02% (saturated). For all specimens, the void ratio decreases with time during each loading stage, and the variation rate is great at the beginning of loading and gradually slows down with time. Higher volume variations occur in the primary compression stage or secondary compression stage, with an increase in vertical stress, particularly when vertical stress is greater than yield stress.
[image: Figure 7]FIGURE 7 | Variation of the void ratio with time for intact loess: (A) w = 7.14%, (B) w = 18.03%, (C) w = 25.10%, and (D) w = 35.02%.
Figure 8 illustrates the variation in the void ratio with the logarithm of time for specimens at different water contents under the same vertical stress. The secondary compression of loess increases with increase in water content at low vertical stress as shown in Figure 8A. However, with the increase in vertical stress, the secondary compression characteristics of loess at different water contents are similar. When σv = 3,200 kPa, the e-logt curves of each specimen in the secondary compression stage are parallel to one another, as shown in Figure 8D. The effect of water content on the secondary compression of loess is gradually weakened with increasing vertical stress. The water softens the bonding materials in loess (Wen and Yan, 2014), and for unsaturated soils, water menisci at the interparticle contacts apply tensile pressure to the skeleton particles for preventing particle rearrangement (Rezania et al., 2020), which leads to increase in loess secondary compressibility with the increase in water content at low vertical stress. Interparticle cementation and suction hindered the development of secondary compression.
[image: Figure 8]FIGURE 8 | Variation of the void ratio with time for intact loess at different water contents: (A) 12.5 kPa, (B) 100 kPa, (C) 800 kPa, and (D) 3,200 kPa.
Figure 9A shows the variation curves of secondary compression index (Cα) with vertical stress for loess at different water contents. The secondary compression index of loess at low water contents increases with vertical stress, and the secondary compression index of loess at high water contents reaches the peak and then slightly decreases to a constant value with vertical stress, which is similar to the results of other literature (Arenaldi Perisic et al., 2019; Rezania et al., 2020). Comparison with the compression index curves (Figure 6) shows that they exhibit a similar variation pattern in the logarithmic of vertical stress. Many of the studies (Mesri and Castro, 1987; Zhang et al., 2007; Santagata et al., 2008; Carlos, 2018) concluded that Cα/Cc is a constant value which is independent of the stress level and specimen type (undisturbed or remodeled). However, some studies found a poor linear correlation between Cα and Cc. Zhang and Wang (2012) speculated that the structure of soft clay prevents its Cα/Cc from being a constant value. Mataic et al. (2016) found that the Cα/Cc value of Perniö clay increases with effective stress and then decreases and converges to a constant value (0.036). The Cα/Cc value at a low water content first increases with vertical stress to a peak and then gradually decreases and stabilizes as shown in Figure 9B, displaying a similar variation pattern as the result of Perniö clay (Mataic et al., 2016). However, a slight difference is that the Cα/Cc value of loess at higher water content gradually decreases and stabilizes, and the Cα/Cc values of all specimens eventually converge to around 0.025.
[image: Figure 9]FIGURE 9 | Variation of secondary compression index Cc and Cα/Cc with vertical stress for intact loess at different water contents: (A) Cα, (B) Cα/Cc.
3.3 Microstructure Analyses
3.3.1 Microstructure and PSD of Intact and Saturated Loess
Figures 10A,B are the SEM images of intact loess, where the overall microstructure such as skeletal particles and pore distribution is observed at low-magnifications, and the surface morphology of the particles, interparticle contact, and bonding material are observed at high magnifications. In addition to silt and sand, aggregates are an essential part of skeleton particles in intact loess, which are formed when a large number of clay particles clumped together on their own or when clay particles and carbonates bonded with silt (Gao, 1980a; Li et al., 2016; Liu et al., 2016; Pihlap et al., 2021). In the deposition, the skeleton particles are randomly and loosely arranged, making the loess form an opening metastable structure. The Lanzhou intact loess has the typical microstructure characteristics of loess: silt, sand, and aggregates are contacted point-to-point, and bonds at the contact are few, forming an overhead pore structure, as shown in Figure 10A. The cementation of clay and calcium carbonate in loess plays a vital role in the metastable structure (Cilek, 2001; Smalley and Marković, 2014; Li et al., 2016; Liu et al., 2016; Yates et al., 2018; Meng and Li., 2019). Figure 10B clearly shows that clay particles are distributed on the surface and contact point of skeleton particles, rather than emerging independently. Secondary calcium carbonate can occur due to the precipitation of carbonates (Pihlap et al., 2021), which reinforce the bonding structure and help trap clay particles at skeleton particle contacts (Smalley and Marković, 2014). Although observing the secondary calcium carbonate directly is difficult, some experiments showed that the strength of loess decreases evidently after the removal of calcium carbonate, which can prove the cementation effect of secondary calcium carbonate (Meng and Li, 2019). The high compressibility of intact loess and its sensitivity to water mainly come from the overhead structure and the softening effect of water on cementation materials, where high porosity provides space for compression deformation and the hydrophilicity of clay minerals makes the compressibility of loess extremely sensitive to the change in water content. The microstructure of saturated loess is shown in Figures 10C,D, which is still dominated by overhead structure, but when compared with intact loess, the distribution of skeleton particles and pores is more uniform, and the macropores are closed. The most remarkable phenomenon is the disappearance of the aggregates prevalent in intact loess after saturation.
[image: Figure 10]FIGURE 10 | Photomicrographs of intact loess and saturated loess. Overall view: (A) intact loess and (C) saturated loess; detailed view: (B) intact loess and (D) saturated loess.
MIP, which has been widely used in loess, has been proven to be one of the reliable methods to measure the PSD of soil (Ng et al., 2016; Wang et al., 2018). Lei (1987) divided pores of loess into four types according to pore radius: large pores (>16 μm), mediate pores (4–16 μm), small pores (1–4 μm), and micropores (<1 μm), which is referred to in this article. Figure 11 shows the cumulative pore volume curves and pore size distribution curves of intact loess and saturated loess. The PSDs show two peaks in the intact loess and saturated loess, indicating two major pore groups in the loess structure. The first pore group with a dominant mediate pore diameter is about 9.7 μm for intact loess and about 8.3 μm for saturated loess, and the second pore group with a small pore has a nearly identical diameter of about 3.5 μm for intact and saturated loess, which indicates that mediate pore size of intact loess decreases slightly after saturation. The effect of inundation on pore structure of loess on the pore volume is remarkable. The cumulative intrusion pore volume of intact loess decreases from 0.28 to 0.23 after saturation, indicating that the overhead structure of intact loess collapses due to inundation. Moreover, in intact loess, mediate pore accounts for 69.38% of total pore volume and decreases to 41.31% after saturation, and small pores increase from 15.67% to 35.33%. Therefore, mediate pore collapses when loess is inundated, leading to transformation from mediate pores to small pores. In terms of total pore volume and pore size, inundation reconstructs the pore structure of loess and makes it more homogeneous, causing some damage to the original microstructure of intact loess.
[image: Figure 11]FIGURE 11 | Pore size distribution curves and cumulative pore volume curves of intact loess and saturated loess.
3.3.2 Microstructure and PSD of Loess at Different Water Contents After Compression
Compression tests show that water content has a considerable influence on the compressibility of loess, and the damage of hydraulic effect on loess microstructure is analyzed. However, to reveal the evolution of loess compressibility under wetting and loading through the change of loess microstructure under hydro-mechanical effect, the microstructure changes of loess at different water contents after compression must be understood. Therefore, three after-compression samples of loess at different initial water contents are selected for SEM and MIP, namely, 7.14% (natural state), 18.03% (saturation 50.03%), and 35.03% (saturated state).
Figure 12 shows the microscopic images of loess at different water contents after compression. The microstructure of saturated loess drastically changes compared with others. For intact loess, as shown in Figures 12A,B, aggregates and intergranular cementation are destroyed under loading, overhead structures collapse, intergranular pores become smaller, and skeleton particles are in closer contact. However, it is still dominated by the point-to-point and point-to-face contact of skeleton particles and retains some microstructure characteristics of intact loess. Comparison between the microscopic images of the sample at natural water content, as shown in Figure 12A, and the microscopic images of samples at higher water contents, as shown in Figures 12C, E, suggests that skeleton particles are more homogeneously distributed and closely contacted with increasing water content. Comparing Figure 12B with Figures 12D, F shows that the microstructure changes from overhead structure to interlocking structure with the increase in water content. In summary, the microstructure of loess undergoes a radical transformation under the action of saturating and loading, and intact loess retains some original structure under high pressure and has the potential to further compress under wetting.
[image: Figure 12]FIGURE 12 | Photomicrographs of intact loess at different initial water contents after compression: (A,B) overall view and detailed view, w0 = 7.14%; (C,D) overall view and detailed view, w0 = 18.03%; (E,F) overall view and detailed view, w0 = 35.02%.
Figure 13 shows the PSD curves of loess at different initial water contents after compression. Compared with the cumulative intruded pore volume of the intact loess (Figure 11), compression leads to considerable reduction in the total pore volume of loess, and the reduction in pore volume decreases more with increasing water content. The PSD curves of the after-compressed specimens show a more substantial change from a bimodal peak to a unimodal peak compared with intact loess specimen, regardless of water content. Moreover, in response to an increase in water content, the height of the single peak decreases and the peak that defines the dominant pore diameter on the PSDs shifts to the left. Compression with high pressure cannot eliminate the collapsible pores of intact loess, and wetting can promote further collapse of mediate pores to form a more compact structure.
[image: Figure 13]FIGURE 13 | Pore size distribution curves and cumulative pore volume curves of intact loess at different initial water contents after compression.
The evolution of microstructure and pore size distribution due to wetting and loading is consistent with the compression responses of intact loess. At low vertical stress, microstructure damage due to wetting is the key factor causing great difference in compressibility of loess. Under high vertical stress, intact loess retains some original microstructure, but microstructure damage is aggravated to form a compact interlocking structure due to wetting.
4 CONCLUSION
A series of oedometer tests were performed to investigate the compression characteristics of intact loess at different initial water contents. SEM and MIP tests were also carried out on specimens before and after compression to understand the evolution of microstructure and PSD during wetting and loading. The following conclusions can be drawn:
For intact loess, the increase in water content results in an increase in the slope of the compression curve and the values of secondary compression index and a decrease in yield stress. Cc and Cα increase with vertical stress. For intact loess, at low initial water content, the Cc values are very small and increase suddenly after vertical stress exceeds yield stress. For intact loess at high initial water content, Cc values increase sharply during the low loading stage, but the change gradually slows down with the increase in vertical stress. Cα shows a similar variation pattern in the logarithmic of vertical stress as the Cc. The Cα/Cc value of intact loess is dependent on water content and vertical stress and thus cannot be considered a constant value. However, it tends to be a constant value of about 0.025 at high vertical stress.
Intact loess has an overhead structure with loose arrangement and weak cementation of particles, and bimodal PSD is dominated by mediate and small pores. Inundating leads to collapse of aggregates and overhead structure and the transformation of mediate pores into small pores. After compression, the overhead structure of intact loess collapses, pore space decreases, and the bimodal peak of PSDs transforms into a unimodal peak. Compression at high pressure cannot drastically eliminate the collapsible pores of intact loess, and wetting can further make mediate pores collapse to form a more compact structure.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material; further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
TJ: conceptualization, methodology, validation, data curation, and writing—original draft. LK: conceptualization, methodology, and writing—review and editing. WB: conceptualization, methodology, and writing—review and editing. ZS: writing—review and editing.
FUNDING
This work was supported by the National Key R&D Program of China (Grant No. 2018YFC 1505304) and the National Natural Science Foundation of China (Nos. 41877281, 41772339).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Arenaldi Perisic, G., Ovalle, C., and Barrios, A. (2019). Compressibility and Creep of a Diatomaceous Soil. Eng. Geol. 258, 105145. doi:10.1016/j.enggeo.2019.105145
 Assallay, A. M., Rogers, C. D. F., and Smalley, I. J. (1997). Formation and Collapse of Metastable Particle Packings and Open Structures in Loess Deposits. Eng. Geol. 48, 101–115. doi:10.1016/s0013-7952(97)81916-3
 Bally, R. J. (1988). Some Specific Problems of Wetted Loessial Soils in Civil Engineering. Eng. Geol. 25 (2-4), 303–324. doi:10.1016/0013-7952(88)90034-8
 Barden, L., Mcgown, A., and Collins, K. (1973). The Collapse Mechanism in Partly Saturated Soil. Eng. Geol. 7 (1), 49–60. doi:10.1016/0013-7952(73)90006-9
 Benatti, J. C. B., and Miguel, M. G. (2013). A Proposal of Structural Models for Colluvial and Lateritic Soil Profile from Southwestern Brazil on the Basis of Their Collapsible Behavior. Eng. Geol. 153, 1–11. doi:10.1016/j.enggeo.2012.11.003
 Carlos, O. (2018). On the Role of Particle Breakage in Primary and Secondary Compression of Wet and Dry Sand. Geotech. Lett. 8 (2), 1–15. doi:10.1680/jgele.18.00047
 Chen, C. L., Hu, Z. Q., and Gao, P. (2006). Research on Relationship between Structure and Deformation Property of Intact Loess. Chin J Rock Soil Mech 11, 1891–1896. (in Chinese). doi:10.3321/j.issn:1000-6915.2006.07.009
 Cheng, Q., Zhou, C., Ng, C. W. W., and Tang, C. S. (2020). Effects of Soil Structure on Thermal Softening of Yield Stress. Eng. Geol. 269, 105544. doi:10.1016/j.enggeo.2020.105544
 Cilek, V. (2001). The Loess Deposits of the Bohemian Massif: Silt Provenance, Palaeometeorology and Loessification Processes. Quat. Int. 76-77, 123–128. doi:10.1016/s1040-6182(00)00096-3
 Dijkstra, T. A., Smalley, I. J., and Rogers, C. D. F. (1995). Particle Packing in Loess Deposits and the Problem of Structure Collapse and Hydroconsolidation. Eng. Geol. 40, 49–64. doi:10.1016/0013-7952(95)00022-4
 Francisca, F. M. (2007). Evaluating the Constrained Modulus and Collapsibility of Loess from Standard Penetration Test. Int. J. Geomech. 7 (4), 307–310. doi:10.1061/(asce)1532-3641(2007)7:4(307)
 Gao, G. R. (1980b). Classification for Microstructure of Loess and its Collapsibility. Sci. Sin. 12, 1203–1208. (in Chinese). 
 Gao, G. R. (1988). Formation and Development of the Structure of Collapsing Loess in China. Eng. Geol. 25 (2-4), 235–245. doi:10.1016/0013-7952(88)90029-4
 Gao, G. R. (1980a). The Microstructure of Loess in China. Chin. Sci. Bull. 20, 945–948. (in Chinese). 
 Ge, M. M., Li, N., Zheng, J. G., Zhu, C. H., and Bai, Y. Y. (2015). Prediction of the Post-construction Settlement of High Filled Embankment with Considering the Time Depending Deformation of Compacted Loess. Chin. Civ. Eng. J. 48 (S2), 262–267. (in Chinese). 
 Grabowska-Olszewska, B. (1989). Skeletal Microstructure of Loesses - its Significance for Engineering-Geological and Geotechnical Studies. Appl. Clay Sci. 4 (4), 327–336. doi:10.1016/0169-1317(89)90040-9
 Handy, R. L. (1973). Collapsible Loess in Iowa. Soil Sci. Soc. Am. J. 37 (2), 281–284. doi:10.2136/sssaj1973.03615995003700020033x
 Hou, X., Vanapalli, S. K., and Li, T. (2018). Water Infiltration Characteristics in Loess Associated with Irrigation Activities and its Influence on the Slope Stability in Heifangtai Loess Highland, China. Eng. Geol. 234, 27–37. doi:10.1016/j.enggeo.2017.12.020
 Hou, X., Vanapalli, S. K., and Li, T. (2019). Wetting-induced Collapse Behavior Associated with Infiltration: A Case Study. Eng. Geol. 258, 105146. doi:10.1016/j.enggeo.2019.105146
 Jiang, M., Hu, H., and Liu, F. (2012). Summary of Collapsible Behaviour of Artificially Structured Loess in Oedometer and Triaxial Wetting Tests. Can. Geotech. J. 49 (10), 1147–1157. doi:10.1139/t2012-075
 Jiang, M., Zhang, F., Hu, H., Cui, Y., and Peng, J. (2014). Structural Characterization of Natural Loess and Remolded Loess under Triaxial Tests. Eng. Geol. 181, 249–260. doi:10.1016/j.enggeo.2014.07.021
 Juang, C. H., Dijkstra, T., Wasowski, J., and Meng, X. (2019). Loess Geohazards Research in China: Advances and Challenges for Mega Engineering Projects. Eng. Geol. 251, 1–10. doi:10.1016/j.enggeo.2019.01.019
 Lei, X. Y. (1987). Pore Types of the Loess in China and its Collapsibility. Sci. Sin. 12, 1309–1318. (in Chinese). 
 Leng, Y., Peng, J., Wang, Q., Meng, Z., and Huang, W. (2018). A Fluidized Landslide Occurred in the Loess Plateau: A Study on Loess Landslide in South Jingyang Tableland. Eng. Geol. 236, 129–136. doi:10.1016/j.enggeo.2017.05.006
 Leng, Y., Peng, J., Wang, S., and Lu, F. (2021). Development of Water Sensitivity Index of Loess from its Mechanical Properties. Eng. Geol. 280 (3), 105918. doi:10.1016/j.enggeo.2020.105918
 Li, P., Vanapalli, S., and Li, T. L. (2016). Review of Collapse Triggering Mechanism of Collapsible Soils Due to Wetting. J. Rock Mech. Geotech. 8 (02), 256–274. doi:10.1016/j.jrmge.2015.12.002
 Li, P., Shao, S., and Vanapalli, S. K. (2020). Characterizing and Modeling the Pore-Size Distribution Evolution of a Compacted Loess during Consolidation and Shearing. J. Soils Sediments 20 (7), 2855–2867. doi:10.1007/s11368-020-02621-3
 Li, X.-A., Li, L., Song, Y., Hong, B., Wang, L., and Sun, J. (2019). Characterization of the Mechanisms Underlying Loess Collapsibility for Land-Creation Project in Shaanxi Province, China-a Study from a Micro Perspective. Eng. Geol. 249, 77–88. doi:10.1016/j.enggeo.2018.12.024
 Li, X. A., and Li, L. (2017). Quantification of the Pore Structures of Malan Loess and the Effects on Loess Permeability and Environmental Significance, Shaanxi Province, China: an Experimental Study. Environ. Earth Sci. 76 (15), 523. doi:10.1007/s12665-017-6855-7
 Liu, T. S. (1985). Loess and Environment. Beijing: Science Press, 1–481. (in Chinese). 
 Liu, Z., Liu, F., Ma, F., Wang, M., Bai, X., Zheng, Y., et al. (2016). Collapsibility, Composition, and Microstructure of Loess in China. Can. Geotech. J. 53, 673–686. doi:10.1139/cgj-2015-0285
 Lu, Q., Qiao, J., Peng, J., Liu, Z., Liu, C., Tian, L., et al. (2019). A Typical Earth Fissure Resulting from Loess Collapse on the Loess Plateau in the Weihe Basin, China. Eng. Geol. 259, 105189. doi:10.1016/j.enggeo.2019.105189
 Mataic, I., Wang, D. X., and Korkiala-Tanttu, L. (2016). Effect of Destructuration on the Compressibility of Pernio Clay in Incremental Loading Oedometer Tests. Int. J. Geomech. 16 (1), 040150161. doi:10.1061/(asce)gm.1943-5622.0000486
 Meng, J., and Li, X.-A. (2019). Effects of Carbonate on the Structure and Properties of Loess and the Corresponding Mechanism: an Experimental Study of the Malan Loess, Xi'an Area, China. Bull. Eng. Geol. Environ. 78 (7), 4965–4976. doi:10.1007/s10064-018-01457-z
 Mesri, G., and Castro, A. (1987). Cα/Cc Concept and K0 during Secondary Compression. J. Geotech. Engrg. 113, 230–247. doi:10.1061/(asce)0733-9410(1987)113:3(230)
 Mitchell, J. K., and Soga, K. (2005). Fundamentals of Soil Behaviour. 3rd ed. New Jersey: John Wiley & Sons, 353–355. 
 Muñoz-Castelblanco, J. A., Delage, P., Pereira, J. M., and Cui, Y. J. (2012). On-sample Water Content Measurement for a Complete Local Monitoring in Triaxial Testing of Unsaturated Soils. Géotechnique 62 (7), 595–604. doi:10.1680/geot.10.p.129
 Ng, C. W. W., Sadeghi, H., Hossen, S. K. B., Chiu, C. F., Alonso, E. E., and Baghbanrezvan, S. (2016). Water Retention and Volumetric Characteristics of Intact and Re-compacted Loess. Can. Geotech. J. 53, 1258–1269. doi:10.1139/cgj-2015-0364
 Nouaouria, M. S., Guenfoud, M., and Lafifi, B. (2008). Engineering Properties of Loess in Algeria. Eng. Geol. 99 (1-2), 85–90. doi:10.1016/j.enggeo.2008.01.013
 Pihlap, E., Steffens, M., and Kögel-Knabner, I. (2021). Initial Soil Aggregate Formation and Stabilisation in Soils Developed from Calcareous Loess. Geoderma 385, 114854. doi:10.1016/j.geoderma.2020.114854
 Rezania, M., Bagheri, M., and Mousavi Nezhad, M. (2020). Creep and Consolidation of a Stiff Clay under Saturated and Unsaturated Conditions. Can. Geotech. J. 57, 728–741. doi:10.1139/cgj-2018-0398
 Reznik, Y. M. (1992). Determination of Deformation Properties of Collapsible Soils. Geotech. Test. J. 15 (3), 248–255. 
 Sadeghi, H., Kiani, M., Sadeghi, M., and Jafarzadeh, F. (2019). Geotechnical Characterization and Collapsibility of a Natural Dispersive Loess. Eng. Geol. 250, 89–100. doi:10.1016/j.enggeo.2019.01.015
 Santagata, M., Bobet, A., Johnston, C. T., and Hwang, J. (2008). One-dimensional Compression Behavior of a Soil with High Organic Matter Content. J. Geotech. Geoenviron. Eng. 134 (1), 1–13. doi:10.1061/(asce)1090-0241(2008)134:1(1)
 Saye, S. R., Nass, K. H., and Easton, C. N. (1988). Performance of Heavy Structures Founded upon Loess at Varying Moisture Conditions. Eng. Geol. 25 (2-4), 325–339. doi:10.1016/0013-7952(88)90035-x
 Shao, S. J., Li, J., Li, G. L., Deng, G. H., Zhang, J.-W., Liu, Y., et al. (2015). Evaluation Method for Self-Weight Collapsible Deformation of Large Thickness Loess Foundation. Chin. J. Geotech. Eng. 6, 965–978. (in Chinese). doi:10.11779/CJGE201506001
 Shao, X., Zhang, H., and Tan, Y. (2018). Collapse Behavior and Microstructural Alteration of Remolded Loess under Graded Wetting Tests. Eng. Geol. 233, 11–22. doi:10.1016/j.enggeo.2017.11.025
 Smalley, I. J., and Marković, S. B. (2014). Loessification and Hydroconsolidation: There Is a Connection. Catena 117, 94–99. doi:10.1016/j.catena.2013.07.006
 Sridharan, A., Abraham, B. M., and Jose, B. T. (1991). Improved Technique for Estimation of Preconsolidation Pressure. Géotechnique 41 (2), 263–268. doi:10.1680/geot.1991.41.2.263
 Standardization Administration of China (SAC), Ministry of Water Resources (2019). China National Standards GB/T50123-2019: Standard for Soil Test Method. Beijing: China Planning Press. (in Chinese). 
 Wang, J.-D., Li, P., Ma, Y., and Vanapalli, S. K. (2018). Evolution of Pore-Size Distribution of Intact Loess and Remolded Loess Due to Consolidation. J. Soils Sediments 19 (3), 1226–1238. doi:10.1007/s11368-018-2136-7
 Wang, J.-D., Li, P., Ma, Y., Vanapalli, S. K., and Wang, X.-G. (2020). Change in Pore-Size Distribution of Collapsible Loess Due to Loading and Inundating. Acta Geotech. 15 (5), 1081–1094. doi:10.1007/s11440-019-00815-9
 Wen, B.-P., and Yan, Y.-J. (2014). Influence of Structure on Shear Characteristics of the Unsaturated Loess in Lanzhou, China. Eng. Geol. 168, 46–58. doi:10.1016/j.enggeo.2013.10.023
 Xie, D. Y., and Xing, Y. C. (2016). Soil Mechanics for Loess Soils. Beijing: Higher Education Press, 37–50. (in Chinese). 
 Xie, W.-L., Li, P., Vanapalli, S. K., and Wang, J.-D. (2018). Prediction of the Wetting-Induced Collapse Behaviour Using the Soil-Water Characteristic Curve. J. Asian Earth Sci. 151, 259–268. doi:10.1016/j.jseaes.2017.11.009
 Xu, L., Dai, F., Tu, X., Tham, L. G., Zhou, Y., and Iqbal, J. (2014). Landslides in a Loess Platform, North-West China. Landslides 11 (6), 993–1005. doi:10.1007/s10346-013-0445-x
 Yang, Y. S., Li, J., Xing, Y. C., and Zhao, J. M. (2017). Experimental Study on Moistening Deformation Characteristics of Compacted Loess and Their Influencing Factors. Chin. J. Geotech. Eng. 39 (04), 626–635. (in Chinese). doi:10.11779/CJGE201704006
 Yates, K., Fenton, C. H., and Bell, D. H. (2018). A Review of the Geotechnical Characteristics of Loess and Loess-Derived Soils from Canterbury, South Island, New Zealand. Eng. Geol. 236, 11–21. doi:10.1016/j.enggeo.2017.08.001
 Youssef, A. M., and Maerz, N. H. (2013). Overview of Some Geological Hazards in the Saudi Arabia. Environ. Earth Sci. 70 (7), 3115–3130. doi:10.1007/s12665-013-2373-4
 Zhang, W. B., Xie, Y. L., and Yang, X. H. (2007). Research on 1D Secondary Consolidation Characteristics of Compacted Loess. Chin. J. Geotech. Eng. 29 (05), 765–768. (in Chinese). doi:10.3321/j.issn:1000-4548.2007.05.022
 Zhang, W., Sun, Y., Chen, W., Song, Y., and Zhang, J. (2019). Collapsibility, Composition, and Microfabric of the Coastal Zone Loess Around the Bohai Sea, China. Eng. Geol. 257, 105142. doi:10.1016/j.enggeo.2019.05.019
 Zhang, X. W., and Wang, C. M. (2012). Effect of Soft Clay Structure on Secondary Consolidation Coefficient. Chin J Rock Soil Mech 33 (02), 479–482. (in Chinese). doi:10.3969/j.issn.1000-7598.2012.02.025
 Zhi, B., Wang, P., Wang, Y. X., Wu, L., and Jiao, H. (2018). Study on Properties of Secondary Consolidation of Structured Loess under High Fill. Chin. J. Eng. Geol. 26 (6), 1447–1453. (in Chinese). doi:10.13544/j.cnki.jeg.2017-415
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Jian, Kong, Bai and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 07 July 2022
doi: 10.3389/feart.2022.941070


[image: image2]
Dynamic Response of Twin Circular Unlined Tunnels Subjected to Blasting P Waves
Shiwei Lu1,2,3, Yingkang Yao1,2*, Yongsheng Jia1,2, Jinshan Sun1,2, Ling Ji4 and Zhen Zhang1,2
1State Key Laboratory of Precision Blasting, Jianghan University, Wuhan, China
2Hubei Key Laboratory of Blasting Engineering, Jianghan University, Wuhan, China
3School of Urban Construction, Yangtze University, Jingzhou, China
4Faculty of Engineering, China University of Geosciences, Wuhan, China
Edited by:
Xiaodong Fu, Institute of Rock and Soil Mechanics (CAS), China
Reviewed by:
Yaxiong Peng, Hunan University of Science and Technology, China
Su Hong, Anhui University of Science and Technology, China
* Correspondence: Yingkang Yao, shanxiyao@jhun.edu.cn
Specialty section: This article was submitted to Geohazards and Georisks, a section of the journal Frontiers in Earth Science
Received: 11 May 2022
Accepted: 27 May 2022
Published: 07 July 2022
Citation: Lu S, Yao Y, Jia Y, Sun J, Ji L and Zhang Z (2022) Dynamic Response of Twin Circular Unlined Tunnels Subjected to Blasting P Waves. Front. Earth Sci. 10:941070. doi: 10.3389/feart.2022.941070

The dynamic response of twin circular unlined tunnels is studied by indirect boundary integral equation method (IBIEM). The twin tunnels are assumed to lie in an unbounded elastic space subjected to blasting P waves. The influence of incident angle on the distribution of DSCF around the twin tunnels is analyzed. Besides, the influences of normalized wave number αa and normalized distance d* (ratio of spacing distance to tunnel radius) on the reference DSCF, that is, the peak DSCF for different incident angles with an assurance rate of 95%, are discussed. Results show that 1) the IBIEM is a high-precision method analyzing the DSCF around twin circular unlined tunnels induced by blasting P waves; 2) the incident angle θ0, αa, and d* all have significant influences on the distribution of DSCF; 3) for a constant d*, the peak DSCF around the right tunnel is slightly greater than the left one; 4) the reference DSCF decreases exponentially with the increasing of αa or d*, and the corresponding fitting functions are proposed.
Keywords: dynamic response, blasting wave, twin circular tunnel, dynamic stress concentration factor, indirect boundary integral equation method
INTRODUCTION
In recent years, underground tunnels have been widely developed due to transportation problems induced by the dramatic growth of population (Li et al., 2017; Zhang et al., 2021). In many populous cities, twin tunnels are increasingly constructed to improve transportation capacity (Alielahi and Adampira, 2016). When the drilling and blasting method is adopted, blasting waves will impose a potential danger on the adjacent existing tunnels (Xia et al., 2013; Zhou et al., 2016; Dang et al., 2018; Xue et al., 2019; Peng et al., 2021). Evaluating the dynamic response and proposing a safety criterion of the existing tunnels subjected to blasting waves are of the utmost importance.
In the past years, extensive studies have been carried out in evaluating the dynamic response of underground tunnels caused by incident waves. These studies mainly focus on the dynamic response of the rock or the lining of a single tunnel. Yi et al. (2008) studied the dynamic response of an arch-with-vertical-wall lining, and concluded that the incidence angle of incident waves has a significant influence on the critical vibration velocity. Furthermore, Yi et al. (2016) discussed the dynamic response of a circular lined tunnel with an imperfectly bonded interface under plane P waves, and found that the interface stiffness has a great influence on the distribution of dynamic stress concentration factors (DSCF) of the tunnel. Pao and Mow (1973) investigated the dynamic stress concentration of lined and unlined circular tunnels subjected to plane P and S waves numerically. Lu et al. (2019a), Lu et al. (2019b), and Lu et al. (2021) studied the DSCF and peak particle velocity of a circular tunnel subjected to cylindrical P waves theoretically. Wang et al. (2014) studied the dynamic responses of the tunnel at various depths in double-layer rocks by finite element method. Li et al. (2018) firstly proposed the theoretical formula to evaluate the DSCF around a circular opening subjected to blasting wave and studied the dynamic response of deep-buried tunnels under triangular blasting loads. Liu et al. (2011) and Chen et al. (2012) discussed the dynamic response of a rock tunnel subjected to harmonic P, S, and R waves by numerical simulation method. Xu et al. (2014) investigated the effects of incident frequency, incident angle, and rock conditions on a circular lining tunnel subjected to incident plane P waves. Zhang et al. (2022) explored the stresses and vibrations of a single circular tunnel under the incidence of cylindrical P waves and proposed the PPV criterion. Qiu et al. (2022) studied the blasting dynamic behavior of deep buried tunnels and discussed their safety. Zlatanović et al. (2021) and Yuan et al. (2020) explored the influence of new structures on the dynamic responses of existing tunnels subjected to different incident waves. Although the study on different factors influencing dynamic response of underground tunnels subjected to incident waves has made great progress, the quantitative relationship between different factors and dynamic response of tunnels subjected to incident waves is very limited.
In this article, the dynamic response of twin circular unlined tunnels subjected to blasting P waves is studied by indirect boundary integral equation method (IBIEM). The influence of the incident angle on DSCF of the twin tunnels is analyzed. Furthermore, the influences of normalized wave number and normalized distance (ratio of spacing distance to tunnel radius) on the reference DSCF, that is, the peak DSCF for different incident angles with an assurance rate of 95%, are discussed. The fitting functions determining the reference DSCF are proposed.
INTERACTION OF BLASTING P WAVES AND TWIN CIRCULAR UNLINED TUNNELS
Assume two circular unlined tunnels with a distance d lie in an unbounded space, centering at O1 and O2, respectively. The radii are denoted by a1 on the left side and a2 on the right side. A right-handed Cartesian coordinate system O1xy is established, as shown in Figure 1. The virtual sources are represented by S1 and S2 with less radii b1 and b2 to simulate the outgoing waves and avoid singularity on the tunnel boundaries. The displacement potential function of incident P wave can be expressed as:
[image: image]
where [image: image] is the amplitude of incident wave, α is the wave number of P waves and α=ω/cp, ω is the circular frequency of incident wave, cp is the phase velocity of incident wave, θ0 is the incident angle, and i is the unit of complex number.
[image: Figure 1]FIGURE 1 | Incident wave and its interaction with two circular unlined tunnels.
Let φ denote the linear sum of the potentials of the incident and diffracted P waves, ψ denote the linear sum of the potential of the incident and diffracted S wave, then
[image: image]
where M and N are the numbers of virtual sources in the left and right tunnels, [image: image] and [image: image] are the potential functions of diffracted P and SV waves generated by the i-th virtual source.
The diffracted waves generated by the i-th virtual source can be expressed in terms of 0-th Hankel functions as:
[image: image]
[image: image]
where Ri is the distance between an arbitrary point in the surrounding rock and the i-th virtual source, defined by [image: image], β is the wave number of S waves.
According to the relations between stress and displacement, the stress can be expressed as:
[image: image]
Then substituting Eqs 1–4 into Eq. 5, the displacements and stresses can be written as follows:
[image: image]
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The stress components in Cartesian coordinate system can be transformed to those in polar coordinate system by the following equations.
[image: image]
The traction-free boundary conditions are given by
[image: image]
Substituting Eqs 6a–6e and 7 into Eq. 8, the boundary conditions can be rewritten in the matrix form.
[image: image]
where H is the Green’s influence matrix, A is the undermined coefficients representing the source density, and S is the vector of stresses induced by the incident wave.
In general, Eq. 9 is overdetermined, and only the approximate solution can be obtained by the least square method.
[image: image]
The relative error is always determined as follows:
[image: image]
where [image: image] is the Euclidean norm of a vector.
DSCF is an important parameter to evaluate structural stability (Fan et al., 2019; Ming et al., 2019; Jang et al., 2020; Li et al., 2020), which is defined as follows:
[image: image]
where σ0 is the stress intensity of the incident wave in the direction of propagation, defined by σ0=μβ2φ0, μ is the shear modulus.
In order to get some general results, we need to define the following dimensionless parameter: the normalized distance as d*=d/a, where a is the maximum of a1 and a2. αa is another quite important index, generally called the dimensionless wave number, which equals 2π times the ratio of a to the wave length of the incident wave.
ACCURACY ANALYSIS
In order to determine the calculation accuracy, we choose the case of d*=4 for analysis. Table 1 shows the relative errors determined by Eq. 11 for different θ0 when αa = 0.1 and 2. The numbers of source points and observation points are generally different and the previous is less.
TABLE 1 | Relative errors for different numbers of source and observation points.
[image: Table 1]It is found that the relative error decreases with the increasing numbers of source and observation points. When the numbers of source and observation points equal to 60 and 80, the maximum relative errors are 1.014 × 10−4 for αa = 0.1 and 1.542 × 10−3 for αa = 2, which are sufficiently accurate. When the numbers of source and observation points equal to 80 and 100, the maximum relative errors are 2.433 × 10−8 for αa = 0.1 and 2.328 × 10−6 for αa = 2, which become far smaller. Therefore, we believe that 80 source points and 100 observation points are suitable in the following analysis.
RESULTS AND DISCUSSIONS
The distribution of DSCF around the twin tunnels under different αa and θ0 is shown in Figure 2, where d* = 4.
[image: Figure 2]FIGURE 2 | Distribution of DSCF around twin tunnels. (A) θ0 = 0°; (B) θ0 = 30°; (C) θ0 = 60°; (D) θ0 = 90°.
The DSCF of the tunnels is approximately symmetrically distributed about the incident direction for αa = 0.1, and it becomes more complex with the increase of αa. It is obvious that the distribution of DSCF around the twin tunnels changes obviously with the variation of θ0. For the left tunnel, the peak DSCF around the left tunnel at θ0 = 0° is smaller than that at others for a fixed αa. For the right tunnel, the peak DSCF around the right tunnel occurs at θ0 = 0° for αa = 0.1, while at others for αa = 0.5, 1, and 2. This suggests that the incident angle θ0 of blasting P waves has a significant influence on the distribution of DSCF.
For a fixed θ0, the peak DSCF at αa = 0.1 is obviously greater than other cases, but the values at αa = 0.5, 1, and 2 do not change apparently, which indicates that the peak DSCF decreases quickly at first, then varies slower and slower, eventually tends to a steady value.
Although the left tunnel is located at the incident side, the DSCF of the right tunnel is larger under the same αa, which may result from that the left tunnel deflects and focuses stress on, just like a convex lens.
According to the above analysis, the DSCF of tunnels changes with θ0. In a practical project, θ0 may be unknown and the upper bound of DSCF for different θ0 has a critical reference value for engineers. Figure 3 and Figure 4 show the variation of the reference DSCF (i.e., 95% of peak DSCF values are less than the given value) with αa and d* ,respectively.
[image: Figure 3]FIGURE 3 | Variation of the reference DSCF with αa. (A) d* = 4; (B) d* = 10; (C) d* = 20.
[image: Figure 4]FIGURE 4 | Variation of DSCF with d*. (A) αa = 0.1; (B) αa = 1; (C) αa = 2.
It is found from Figure 3 that the peak DSCF around the left tunnel is more discrete than the right tunnel and its decreasing rate with αa for θ0 = 0o is obviously greater. The discreteness reduces with the increasing value of d*. By using the least square method, we found the variation of the reference DSCF can be well fitted exponential functions. According to the fitting functions, the attenuation of peak DSCF around the left tunnel is faster than the right tunnel for a same d*.
The summation of fitting functions in Figure 3 is listed in Table 2.
TABLE 2 | Summation of fitting functions with respect to αa.
[image: Table 2]It is observed from Figure 4 that the peak DSCF for the left tunnel fluctuates obviously at αa = 0.1, the variation tendency becomes clearer at αa = 1 and 2. Besides, the smallest DSCF occurs at θ0 = 90° for αa =0.1 while at θ0 = 0° for αa = 1 and 2. For the right tunnel, the peak DSCF shows a wave-like change at αa = 0.1. When αa = 1 and 2, the variation trends of DSCF with d* are similar, the peak value of DSCF occurs at θ0 = 30° or 45°. Compared with the left tunnel, the distribution of peak DSCF of the right tunnel is more concentrated.
It is also found that the variation of the reference DSCF can be well fitted exponential functions. According to the fitting functions, the attenuation of peak DSCF around the right tunnel is faster for a constant αa while slower for a constant d* compared with that around the left tunnel.
The summation of fitting functions in Figure 4 is listed in Table 3.
TABLE 3 | Summation of fitting functions with respect to d*.
[image: Table 3]Based on the above analysis, the attenuation of the reference DSCF with αa or d* can be well expressed by exponential functions. Considering the joint impact of αa and d*, the DSCF changing with both αa and d* of the twin tunnels is shown in Figure 5.
[image: Figure 5]FIGURE 5 | DSCF fitting surfaces. (A) Left tunnel; (B) right tunnel.
The fitting surfaces for both tunnels are expressed in Eq. 13.
[image: image]
It is found that the fitting function can well reflect the previous results and αa has a greater influence on DSCF than d*. Eq. 13 can be proposed as the reference function and engineers can quickly obtain the critical value to prevent damage to such underground structures.
CONCLUSION
In this article, the dynamic response of twin circular unlined tunnels in an unbounded space subjected to blasting P waves is studied. According to the research results, the following conclusions can be obtained:
(1) The DSCF around twin circular unlined tunnels subjected to blasting P waves is calculated by indirect boundary integral equation method, which is of high precision.
(2) The incident angle θ0, normalized wave number αa, and normalized distance d* all have a significant influence on the distribution of DSCF around the twin tunnels.
(3) For a constant d*, the peak DSCF around the right tunnel is slightly greater than the left one.
(4) The reference DSCF decreases exponentially with the increase of αa or d*, and the corresponding fitting functions are proposed. Compared with d*, the influence of αa is more distinct.
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To evaluate the small strain stiffness properties of undisturbed weathered granite, the circular computer numerical control (CNC) abrasive wire sawing technology was applied to weathered granite sample processing and a series of resonance column tests were carried out to study the effects of weathering degree and effective consolidation pressure on dynamic shear modulus of undisturbed weathered granite. The results show that the degree of weathering and effective consolidation pressure have significant effects on the small strain stiffness properties of weathered granite. The samples with lower weathering degrees have higher dynamic shear modulus under the same effective consolidation pressure. The maximum dynamic shear modulus of samples with higher weathering degrees is more sensitive to effective consolidation pressure. Besides, a comparison between the experimental results with the previous results from other researchers indicates that the dynamic shear modulus ratio of weathered granite in the study area exceeds the parameter range obtained from others. According to the experimental results, a mathematical model of the relation between corrected standard penetration test (SPT) [image: image] value and dynamic shear modulus was established, and besides, the variation range of dynamic shear modulus ratio of weathered granite in the study area was given, which may provide a reference for dynamic stability analysis of engineering in the study area.
Keywords: weathered granite, resonant column test, dynamic shear modulus, abrasive wire sawing technology, small strain stiffness properties
INTRODUCTION
Weathered granite is the product of the physical and chemical weathering of intact granite left in situ (Irfan, 1996), which is widely distributed in the world. Due to its special genesis, the weathered granite is generally characterized by multiple fractures in structure and is easy to break. The weathered granite particles are irregular in shape with large edges and corners. In addition, the weathered granite is usually weak in cementation and easy to collapse in case of water (Liu et al., 2019). Therefore, the weathered granite is a special geomaterial, whose physical and mechanical properties are different from sedimentary soil and sand. To study the particular property of weathered granite, many studies have been carried out since the 1960s (Lee, 1965). The research emphasis developed from the engineering qualitative classification (Irfan and Dearman, 1978), the basic physical properties (Lee, 1965), and the deformation/strength characteristics (Lee and Coop, 1995) to the hydraulic/mechanical properties of unsaturated weathered granite (Xiong et al., 2022), the microstructure distribution of the intact weathered granite (Shang et al., 2015) and the relationship between the microstructure and deformation of weathered granite (Li et al., 2020). In addition, the properties of weathered granites were compared with other geomaterials and any fruitful research results provide important new insights for reference. However, the water and mud inrush disasters (Liu et al., 2019) and ambient rock collapse in the tunnel, slope collapse (Zhang et al., 2021), and other problems (Cui et al., 2016) still frequently occurred in the process of engineering construction in weathered granite strata, which caused a large number of economic losses and serious casualties. It should be said that there is still an inadequate systematic and comprehensive cognition of engineering characteristics of weathered granites.
With the development of rock weathering degree, the fissure of weathered granite evolved progressively and the structure developed from a massive texture to a cataclastic structure (Irfan, 1996). Compared with the integral structure of granite rock and fine-grained texture of granite residual soil, the interlocking structure of weathered granites with large particles is easier to be damaged in the probe drilling process for borehole specimens. As a result, the undisturbed weathered granite sample is very difficult to get. In addition, due to the large size and high strength of the unweathered mineral, such as quartz, feldspar, and hornblende, the weathered samples are extremely easy to break in the traditional sample-making process, such as the cutting method. Due to the low success rate of the undisturbed sample preparation, the existing research on the undisturbed lower degree weathered granite still lacks. For highly weathered granite, existing studies mostly involve remodeled samples instead of undisturbed samples (Niu et al., 2014; Niu et al., 2015). However, due to the structural nature of rock and soil materials, the remodeled sample preparation process will destroy the original structure and change the nature of geomaterials (Burland et al., 1996), resulting in the distortion of obtained parameters and certain limitations in the application of the parameters. In addition, due to the difference in mineral composition and genesis of protolith, climate environment, and topographic and geomorphic conditions, the process and production of granite weathering generally have distinctive regional characteristics. As a result, weathered granite in different areas exhibits different characteristics. Currently, studies on weathered granites are concentrated in South and Southeast China (Liu et al., 2019; Liu P. et al., 2021; Liu X. et al., 2021), and the Shandong Peninsula (Wang et al., 2016) in China. Although the application of the research results to engineering construction in other areas has a certain reference value, undesirable effects may indeed occur during the construction.
The shear modulus ([image: image]) at small strains is a very important fundamental input parameter in the numerical analysis of geotechnical engineering dynamics (e.g., prediction of soil deformation behavior under earthquake, blasting, mechanical or traffic loading, and soil-structure interaction, etc.), and the reasonableness and reliability of its value has a significant impact on the reasonableness and credibility of the calculation results of dynamic analysis (e.g., soil deformation and soil-structure stability). Several test techniques have been used to study the small strain stiffness of geotechnical materials, including resonant columns (Macari and Hoyos, 1996), blender elements (Ng and Yung, 2008), and seismic tests (Ng and Wang, 2001). The research relative to the dynamic response of geomaterials has been focused mostly on sedimentary soils and sand. Studies thus far have suggested that the small strain stiffness properties are affected by many parameters (e.g., effective consolidation pressure (Niu et al., 2014), void ratio, plasticity, structure (Kong et al., 2017), degree of saturation (Ng and Yung, 2008), stress history (Li et al., 2021), gradation (Huang et al., 2021), and sample disturbance (Macari and Hoyos, 1996)). Macari and Hoyos (1996) studied the effects of weathering degree and remodeling disturbance on the small strain stiffness properties of granite residual soils at different depths in Hong Kong. The results show that the maximum dynamic shear modulus [image: image] increases with depth for undisturbed samples and the influence of remolding is noticeable for granite residual soils, the remolded samples from deeper zones sometimes show higher shear moduli than the undisturbed samples. Niu et al. (2014) investigated the effect of the effective consolidation pressure on [image: image] and damping properties by resonant column tests for the remodeled highly weathered granite. Liu X. et al. (2021) explored the effect of cementation among soil particles on small-strain stiffness properties for undisturbed and remolded granite residual soil samples. In contrast, the small strain stiffness characteristics of undisturbed weathered granites with a low degree of weathering are less studied, especially for weathered granites with different degrees of weathering in the laboratory. However, it is inevitable that weathered granites with different weathered degrees show different small strain stiffness properties due to their different microstructures and soil state (Ng and Wang, 2001).
The objective of this study is to investigate the small strain stiffness properties of undisturbed weathered granite with low weathering degrees by the resonant column test. As far as the authors are aware, the study of weathered granite on small strain stiffness properties is still in the stage of exploration (Niu et al., 2014), and the present study is the first study of the small strain shear modulus of undisturbed weathered granite with low weathering degrees by the resonant column test. Besides, the results of undisturbed weathered granite are compared with that of remodeled weathered granite, residual soils, and other geotechnical materials in other areas. The nonlinear deformation characteristics of completed and highly weathered granites in the study area under a small strain condition were studied and the recommended values of relevant dynamic parameters were given to provide basic scientific data for engineering construction and seismic fortification analysis in the study area.
MATERIALS AND METHODS
Stratigraphic Lithology of Weathered Granites
The samples in this study were collected from the Lincang area. The Lincang area, a border city of Yunnan Province in Southwest China, is located in the southern extension part of the Nushan Mountain range of the Hengduan Mountain system, where the high mountains crisscross. Lincang is an important port city for Yunnan to open to Southeast Asia. Therefore, in the past decade, Lincang has been vigorously developed in infrastructure construction and a large number of high speed railway and expressway projects are under construction or completed construction. Lincang area is located on the Lincang-Menghai Granite batholith (Li, 1996), which is about 350 km long from north to south and 10–48 km wide, with a total area of nearly 8000 km2. Therefore, the railway and expressway projects in the Lincang area are mostly constructed on weathered granite strata. Due to the special properties of weathered granite, engineering construction in the Lincang area has also encountered a series of engineering problems, such as water inrush and mud gushing disasters (Quan et al., 2021). However, very little is known about a systematical research on the properties of weathered granite in the Lincang area. At the same time, Yunnan Province is located on the eastern edge of the collision zone between the Indian Ocean plate and the Eurasian Plate, which is the most active seismic area in the world and is one of the provinces with the most frequent seismic activities and the most serious earthquake disasters in China. Yunnan Province includes seven seismic belts, and the Lincang area is located on the Lancang-Gengma seismic belt. Earthquakes have occurred frequently in the history of the study area. The largest earthquake recently occurred on 6 November 1988, in the Lancang-Gengma area, which is under the jurisdiction of Lincang, with a magnitude 7.6 earthquake followed by an aftershock of magnitude 7.2 (Yi et al., 2014), causing great economic losses and casualties. Yet, to date, there has been no research specific to the dynamic behavior of weathered granites in the Lincang area. The studied samples were collected from a slope of the M-L Expressway East Interchange project in Linxiang District in Lincang City (latitude 23°915′N, longitude 100°133′E). According to the drilling results, the site stratum map is shown in Figure 1, and the stratum distribution from top to bottom is as follows.
1) Stratum 1 is mainly composed of silty clay. The silty clay is mainly composed of clay and powder, containing a small amount of sand. The thickness of this layer is 1–3 m.
2) Stratum 2 is composed of completely weathered granite (CWG). The main mineral composition is feldspar, quartz, and biotite and most minerals decomposed into soil. The completely weathered granite has a granular structure (as shown in Figure 1), in which the particle size is medium to fine grain. The original rock structure is destroyed, but still could be recognizable. The thickness of the layer is generally greater than 15 m and locally larger than 25 m.
3) Stratum 3 is composed of highly weathered granite (HWG). The main mineral composition is feldspar, quartz, and biotite and some minerals decomposed into soil. The highly weathered granite is also a granular structure (as shown in Figure 1), in which the particle size is medium to fine grain. The original rock structure is violently weathered and basically destroyed but could be recognizable easily. The thickness of the layer is generally 10–20 m.
4) Stratum 4 is composed of moderately weathered granite. The minerals are mainly composed of feldspar, quartz and biotite and other minerals, with few minerals decomposed into soil (as shown in Figure 1). The moderately weathered granite is a massive structure, in which the particles are medium-fine grain. The original rock structure is retained basically and could be recognizable easily. The moderately weathered granite is a typical soft rock in which the joint and fissure are well developed.
[image: Figure 1]FIGURE 1 | Stratigraphic sections of the research site.
The research objects of this paper are CWG and HWG, which were got from stratum 2 and 3.
Sample Collection
It can be seen from Section 2.1 that the weathered granite is loose and easy to be damaged, and its original structure would be easily destroyed during the sampling process of drilling (Xiong et al., 2022). In order to minimize disturbance, a sampling technique via hand-dug open pit (Zhang et al., 2017) was adopted to obtain the original block sample. Firstly, the ground was excavated to the desired depth. The weathered granites were cut into cuboids (side length approximates 300 mm) by the tools such as saws (as shown in Figure 2A), and then a stretch film was used to tie the samples to protect the sample (Figure 2B). The samples were truncated from the ground and the stretch film was used again to tie the samples firmly. Subsequently, multilayer wrap films were used to seal the sample so as to avoid moisture loss (Figure 2C). Finally, the sealed sample was put into the sample box and filled with pearl cotton around the inner wall of the sample box (Figure 2D), in order to fully reduce the disturbance of sample in the process of transportation.
[image: Figure 2]FIGURE 2 | Photos of in-situ sample collection.
The undisturbed samples were collected at a depth of 17–22 m from the original ground, as shown in Figure 3. The details of the samples were summarized in Table 1. In order to judge the weathering degree of the weathered granite, standard penetration tests (SPT) were conducted. The results of the standard penetration tests can reflect the strength and stiffness nature of geomaterial and are often used to judge the weathering degree of weathered granites (Chang and Zhang, 2018). Since the original ground was mountainous and hence the surface was uneven (as shown in Figure 1), SPT was uneasy to carry out. Therefore, the site was leveled, and the standard penetration test was carried out on the excavated ground surface. Figure 3 presents SPT results from the borehole.
[image: Figure 3]FIGURE 3 | SPT results and sample acquisition depth.
TABLE 1 | Parameters for weathered granite samples.
[image: Table 1]The SPT-N value got from the original ground surface is different from the that got from the excavated ground surface. According to the previous studies, different depths of geo-materials can be compared with each other by using the corrected SPT- [image: image] value revised by the drill rod from the SPT- [image: image] value. Therefore, in this paper, the corrected [image: image] value is used to compare the properties of weathered granite. The drill rod length correction coefficients are obtained from the China National Standard for Geotechnical Testing Method GB/T 50123 (2019) and the corrected SPT- [image: image] values were also summarized in Figure 3. As shown in Figure 3, the SPT- [image: image] value of weathered granite in study area is stable when the depth is 13–16 m. When the depth is more than 16 m, the SPT- [image: image] value begins to increase with the depth and undergoes a sharp increase at 20 m. It shows that the weathering degree of weathered granite decreases gradually with the increase of depth, but it does not vary uniformly. According to Code for Investigation of Geotechnical Engineering GB 50021 (2001), the SPT- [image: image] value obtained from the original surface was used to judge the weathering degree of granite. The SPT- [image: image] value of CWG was less than 50 and the SPT- [image: image] value of HWG was greater than 50. In this study, the SPT- [image: image] value of the original ground surface is predicted based on the corrected SPT- [image: image] value by the inverse calculation method for the rod length correction formula. The SPT- [image: image] values are also summarized in Figure 3, which indicates that the boundary between CWG and HWG is a depth of 19 m for the test borehole.
Physical Characteristics
The index properties of weathered granites were studied by laboratory tests according to the China National Standard for Geotechnical Testing Method GB/T 50123 (2019). The grain size distribution analysis tests were conducted by the sieving method (for particle size≥0.075 mm) and the densimeter method (for particle size<0.075 mm), and four grain size distribution analysis test results were shown in Figure 4. It is observed that the maximum particle size of the studied samples is more than 5 mm, most of the particles are sand grains, followed by gravel, while the silt and clay contents occupy the lowest proportion. The coefficient of nonuniformity [image: image] is 6.2–15.7, and the coefficient of curvature [image: image] is 1.15–3.4, so the weathered granites in this study can be regarded as a coarse-grained but well-graded sand. Furthermore, it is apparent that the grain size distribution curve of the samples studied in this paper is close to that studied by Lee and Coop (1995) and Ng and Chiu (2003), but is located significantly below that studied by Yan and Li (2012) and Liu X. et al. (2021). The content of each particle size is summarized in Table 2. As shown in Table 2, the content of particles greater than 0.25 mm is 71.8–89.5%, which also indicates that the samples studied in this paper have a lower degree of weathering. According to Code for Investigation of Geotechnical Engineering GB 50021 (2001), the studied samples were categorized as coarse sand and gravelly sand. Grain size distribution curves of different samples studied in this paper are nearly parallel, and with the weathering degree increasing, the content of grain size less than 0.075 mm increases significantly, indicating that the weathering degree of granite increases with the decrease in depth, but the grain size decreases continuously.
[image: Figure 4]FIGURE 4 | Grain-size distribution curve of weathered granites (Data from Lee and Coop (1995); Ng and Chiu (2003); Yan and Li (2012); Ng et al. (2019); Liu X. et al. (2021).
TABLE 2 | The mass fractions of weathered granites in the Lincang area.
[image: Table 2]According to the China National Standards GB/T 50123 (2019), the basic physical properties of weathered granite are measured, including specific gravity tests, Atterberg limit tests, initial void ratio, and hydrometer analysis. The test results together with sample parameters from other locations are shown in Table 3. Compared with the samples from Hong Kong (Ng and Chiu, 2003; Yan and Li, 2012), Seoul (Lee and Coop, 1995), and Shenzhen (Liu P. et al., 2021), the specific gravity of weathered granites in the Lincang area is significantly higher, which is similar to the sample from Xiamen (Liu X. et al., 2021). According to the standard, the plastic index of the particles less than 0.5 mm is 13.4–16.4, which further verifies that the research object in this paper has fewer fine grains and a lower weathering degree compared with others.
TABLE 3 | Basic physical properties and mechanical indices of weathered granites (Date from Lee and Coop (1995); Ng and Chiu (2003); Yan and Li (2012); Liu P. et al. (2021); Liu X. et al. (2021))
[image: Table 3]Specimen Preparation
It can be seen from Figure 1, Figure 2 that the weathered granite in the Lincang area has a large particle size, in which the content of particle size above 0.25 mm is 71.8–89.5%, and has common characteristics of the weathered granite: loose structure, low interparticle cohesion and rapid disintegration in case of water (Liu et al., 2019). Meanwhile, the weathered granites are rich in brittle minerals such as quartz and unweathered feldspar, which results in the weathered granites having two characteristics: rigid particles and loose texture. Therefore, it is extremely difficult to make undisturbed samples of weathered granite by traditional sample preparation methods (Niu et al., 2014) such as cutting by knife. Through investigation and comparison of practice, this paper adopts a circular computer numerical control (CNC) abrasive wire sawing machine to treat weathered granites, as shown in Figure 5A. Li (2016) first applied the reciprocating abrasive wire cutting technology to the treat shale and coal rock samples and achieved satisfactory results. But compared with shale and coal rock, the inhomogeneity and fragility of weathered granites are more outstanding, which are easily broken without constraint outer pressure. The reciprocating abrasive wire cutting technology has two weaknesses in dealing with weathered granite as compared to the circular CNC abrasive wire sawing machine. There is an unavoidable difficulty that the line of reciprocating abrasive wire cutting machine is often broken in the process of cutting weathered granite samples. The explanation for this phenomenon might be that the content of minerals in weathered granites, such as quartz and unweathered feldspar, is higher and these minerals are not evenly distributed. In the meantime, the wire diameter (usually less than 0.35 mm) is small and the line needs to undergo reciprocating motion, so the sand line is easy to break due to the sudden increase of stress caused by quartz particles and feldspar particles in the cutting process. It is easy to damage the sample in the process of changing the monocrystalline wire. In addition, because the monocrystalline wire of the reciprocating abrasive wire cutting machine needs to repeat the reciprocating movement, and its line speed is not fast (less than 20 m/s), the efficiency of cutting weathered granites is lower. Relatively speaking, the circular CNC abrasive wire sawing machine (Figure 5A) adopted in this paper has a higher line speed (more than 40 m/s) due to the characteristics of the annular line without reciprocating movement. More importantly, the line diameter is thicker (diameter =0.65 mm), which is not easy to break in the cutting process, greatly improving the cutting efficiency and success rate of treating weathered granite. The obtained undisturbed sample (diameter d=50 mm; height h=100 mm) is shown in Figure 5B. It can be distinctly seen that the sample is unbroken and has a smooth surface, and the original structure of weathered granite can be seen clearly. The surface evenness of samples is acceptable, which can meet the test requirements.
[image: Figure 5]FIGURE 5 | Weathered granite samples processed by CNC abrasive wire sawing machine: (A) Circular CNC abrasive wire sawing machine; (B) Prepared sample; (C) Packaged sample.
After processed by the circular CNC abrasive wire sawing machine, the samples were directly encapsulated with a rubber membrane, and both ends of the weathered samples were fixed with plexiglass discs (as shown in Figure 5C). Constraint measures were also taken to prevent it from breaking during movement.
Before the resonance column test, the samples were placed in a water tank to be subject to vacuum pressure for 24 h. Then the initially saturated sample was installed on the experimental instrument and the back pressure was applied step by step to the sample in order to increase the saturation of the sample. The Skempton B value was checked until it was greater than 0.96, which can guarantee the saturation of the tested specimen. Then consolidation pressure was carried out. After the sample consolidation was completed, relevant tests were carried out.
TESTING EQUIPMENT AND TEST PROCEDURE
Testing Apparatus and Test Procedure
The tests in this study were performed with an automated resonance column testing system, which was manufactured by Global Digital Systems (GDS) Ltd. in the United Kingdom. The resonance column testing device was a Stokoe-type resonance column device, and the bottom end of the sample is fixed and the top end is free. The resonant column test system includes an excitation system, measuring system, and sample container (Figure 6). The resonance column testing apparatus was equipped with two pressure controllers (cell and back pressure), in addition to a LVDT displacement transducer to measure the axial strain. The volume and pressure accuracy of the backpressure control system are 1 mm3 and 1 kPa, respectively. The pressure accuracy of the cell pressure control system and pore water pressure transducer is 1 kPa. The accuracy of the axial displacement transducer is 0.001 mm which meets the accuracy requirement of the experiment. In the consolidated process, the backpressure was applied on the top cap, the pore water pressure was measured from the base of the specimen, and the volume change was measured via the back-pressure controller. The consolidation stage was considered complete when the drainage rate of pore water was less than 1 mm3/min.
[image: Figure 6]FIGURE 6 | Schematic view of the resonant-column apparatus and the experimental setup.
In the test process, the torsional excitation force was applied step by step at the free end of the specimen by controlling the excitation voltage of the excitation system, the specimen was vibrated by the torque at different frequencies and the corresponding shear strain of the sample was measured by the acceleration transducer (the representative shear strain is inferred from the rotation at a conventionally fixed radial distance). The frequency producing the maximum shear strain amplitude was considered as the resonant frequency. As the experiment proceeded, the intensity of the applied torque was increased step by step, which was controlled by the input voltage. The test stopped at the assigned consolidation pressure after loading approximately 20–25 levels of excitation force at each consolidation pressure. Therefore, the stiffness for increasing strain levels at each consolidation pressure could be determined.
The dynamic shear modulus [image: image] of the sample can be calculated by the following formula:
[image: image]
where [image: image] is the shear modulus of the sample, [image: image] is the density of the sample after consolidation, [image: image] is the resonance frequency, [image: image] is the height of the sample after consolidation, and [image: image] is the characteristic value of the frequency equation of torsional vibration, which can be obtained from the reference table.
Test Scheme
Since the strain range investigated in the resonance column test is less than 0.1%, it can be almost considered that there is no destruction to the sample during the resonance column test. Therefore, one sample can be used for the resonance column test at different consolidation pressures. The backpressure was all set for 100 kPa in all tests. To study the effects of effective consolidation pressure ([image: image]), and weathering degree on the small strain stiffness properties of weathered granites, the specimens were investigated under various test conditions. The samples (CWG A, CWG B, HWG A, HWG B) were tested by the resonant column test at effective consolidation pressures of 50 kPa, 100 kPa, 200 kPa, 300 kPa, 400 kPa, 500 kPa, 600 kPa, 700 kPa, 800 kPa, 900 kPa. The specific test schemes are provided in Table 4.
TABLE 4 | Experimental schemes of resonant column tests.
[image: Table 4]RESULTS AND ANALYSIS
Effect of Effective Consolidation Pressure on Dynamic Shear Modulus
Results of the dynamic shear modulus [image: image] of all undisturbed samples at different effective consolidation pressures with shear strain [image: image] are shown in Figure 7. According to the results in Figure 7, the relationship curves of dynamic shear modulus [image: image] and shear strain [image: image] of weathered granite samples with different weathering degrees at different effective stresses are similar in shape and variation tendency. When the shear strain is small ([image: image]), the soil stiffness exhibits almost a fixed value. And when the shear strain exceeds 0.001%, it can be observed that the shear modulus becomes strain-dependent and the attenuation gradient of the dynamic shear modulus increases with the shear strain increasing. For the same sample, the phenomenon is more obvious under higher effective consolidated stresses. It indicates that with the increase in shear strain, the stress-strain relationship of weathered granite changes from linear to nonlinear, which is the characteristic of most geotechnical materials (Seed and Idriss, 1970; Stokoe et al., 1999).
[image: Figure 7]FIGURE 7 | Relationship between shear modulus [image: image] and shear strain [image: image] for specimens in different weathering conditions: (A) CWG A; (B) CWG B; (C) HWG A; (D) HWG B (Data points halved).
In addition, one can see that curves of all samples move up with the increase of effective consolidation stress. In other words, dynamic shear modulus increased with the effective consolidation stress at the same shear strain. A similar phenomenon could be observed in sedimentary soil, sandy soil, and eluvial soil, which is obviously different from strongly structured soils. As the effective consolidation pressure increases, the structure of samples becomes denser. The contact area between particles increases and the propagation velocity of the shear wave is easier to accelerate in the sample. The resonance frequency measured in the test increases with the increase in consolidation pressure, so the maximum shear modulus increases with the increase in consolidation pressure. However, with the increase in consolidation pressure, the volume of the sample decreases, and the increased amplitude of the maximum shear modulus gradually decreases.
Effect of Weathering Degree on Dynamic Shear Modulus
The variation of dynamic shear modulus [image: image] and shear strain [image: image] of samples with different weathering degrees (corresponding different corrected SPT-N′ value)under the same consolidation pressure are shown in Figure 8. One can see that the dynamic shear modulus curves of samples with different weathering degrees are significantly different at the same effective consolidation pressure. Samples with lower weathering degrees (higher corrected SPT-N′ value) have higher shear modulus at the same shear strain, but the attenuation gradient of shear modulus is larger with the development of strain. This result may be explained by the fact that when granite weathering degree exceeds a threshold, fine particle content increases, the secondary cementation of the particle is becoming ever more obvious, which can delay the stiffness attenuation (Liu X. et al., 2021). The sample with a lower weathering degree has few fine particles, so the secondary cementation is lower than that of the sample with a higher weathering degree, which results in greater stiffness attenuation of the lower weathered sample.
[image: Figure 8]FIGURE 8 | Relationship between shear modulus [image: image] and shear strain [image: image] for specimens at different effective consolidation pressures: (A) 200 kPa; (B) 300kPa; (C) 400kPa; (D) 500 kPa. (Data points halved).
Effect of Weathering Degree on Maximum Dynamic Shear Modulus
When the soil shear strain approximates the minimum, the corresponding dynamic shear modulus is defined as the maximum dynamic shear modulus [image: image], which is an important parameter in the dynamic geotechnical analysis (Stokoe et al., 2005). The curve fitting between shear modulus [image: image] and shear strain [image: image] is usually used to obtain the corresponding dynamic shear modulus. In this paper, the Stokoe formula (Stokoe et al., 1999), which was improved based on the Hardin-Drnevich equation, is used to fit the experimental results. The formula is described as follows:
[image: image]
where [image: image] is the reference shear strain when [image: image]; [image: image] is the fitted curvature parameter. To improve the accuracy of the fitting curve, the method proposed by Yan et al. (2018) is adopted. The experimental data curves were first processed using the linear fitting, and the linear fitting parameters were used as nonlinear fitting input values to fit the experimental data curves again to obtain the final fitting parameters. The fitting curve is exhibited in Figure 8, from which it can be seen that the fitting curve are all highly consistent with the experimental data.
The relationship curves between the maximum dynamic shear modulus [image: image] of different weathered granites at different effective consolidation pressures are displayed in double logarithmic coordinates (Figure 9A). It can be observed that the maximum dynamic shear modulus [image: image] increases with the increase in effective consolidation pressure. The curves of samples with lower weathering degrees are higher than that with higher weathering degrees. As can be seen from Figure 9A. A highly significant linear relationship between the maximum dynamic shear modulus and effective consolidation stress was observed in the logarithmic coordinate for all samples and can be expressed by the common power function as follows.
[image: image]
where [image: image] is the atmospheric pressure ([image: image] in this paper); [image: image] is the effective consolidation pressure; [image: image] is the maximum shear modulus [image: image] when the effective consolidation pressure is 100 kPa; [image: image] is the fitting parameter, which is determined by experimental data. Eq. 3 is similar to the famous Hardin formula, where [image: image] is the soil constant and affected by the type of soil and other factors. Observing the form of Eq. 3, it is easy to know that the maximum shear modulus [image: image] is 0 MPa when the effective consolidation pressure is 0 kPa, which does not fit with the actual situation. When the effective stress is 0 kPa, the maximum shear modulus of the soil is not 0 MPa. Therefore, Eq. 3 is modified as follows.
[image: image]
where [image: image] is the maximum shear modulus [image: image] when the effective consolidation pressure is 0 kPa. The modified equation satisfies the case where the effective stress is 0 kPa, and as the effective stress increases, it is a monotonic function and gradually converges towards Eq. 3.
[image: Figure 9]FIGURE 9 | [image: image] for specimens with different weathered degrees: (A) [image: image]; (B) [image: image].
The fitting parameters of the maximum dynamic shear modulus [image: image] with different weathering degrees are shown in Table 4 and the fitting curves of the test data are shown in (Figure 9B). Table 5 shows that the fitting parameter [image: image] and [image: image] variation with different weathering degrees, for which the minimum [image: image] is 0.989, indicating a good fit. [image: image] shows an increase in value with decreasing weathering degree and [image: image] shows an increase in value with increasing weathering degree. The [image: image] value reflects that the sample with a higher weathering degree is more sensitive to the change of effective consolidation pressure, which has a higher [image: image] value. This phenomenon may be explained by the fact that the sample with a higher weathering degree has smaller dry density and larger porosity, the skeleton of which is easier to be compressed at consolidation pressure.
TABLE 5 | Summary of the [image: image] fitting parameters.
[image: Table 5]According to the relationship between the fitted parameters and the SPT- [image: image] values in Table 5, the parameters [image: image], [image: image], and SPT- [image: image] values have a good linear relationship, as shown in Figure 10. Substituting the fitted equations for the parameters [image: image] and [image: image] in Figure 10 into Eq. 4, the characterization of the maximum dynamic shear modulus considering the degree of weathering is obtained. Eq. 4 can be rewritten in
[image: image]
where [image: image] and [image: image] are the fitting parameters for [image: image], [image: image] and [image: image] are the fitting parameters for [image: image], and [image: image] is the atmospheric pressure ([image: image] in this paper).
[image: Figure 10]FIGURE 10 | [image: image] and [image: image] for specimens with different SPT- [image: image] value (different weathered degrees).
Based on regression analysis using the least square method shown in Figure 10, the following expression was derived for the model parameter of weathered granites in the Lincang area:
[image: image]
Figure 11 gives the test results and Fitting surface in terms of a three-dimensional plot. The data analysis in Figure 11 showed a strong correlation between the maximum shear modulus ([image: image]) of the tests and the maximum shear modulus ([image: image]) calculated by the effective consolidation pressure ([image: image]) and the corrected SPT [image: image] value ( [image: image] ) ([image: image] equal to 0.989). Formula (6) can be directly used to calculate the maximum dynamic shear modulus of the weathered granites in the Lincang area under the condition of isotropic consolidation by the [image: image] value obtained from the in-situ test.
[image: Figure 11]FIGURE 11 | Relationship of [image: image], [image: image] and [image: image] for weathered granite in the Lincang area.
Attenuation Characteristics of the Dynamic Shear Modulus
The dynamic shear modulus ratio, which reflects attenuation characteristics of the dynamic shear modulus with the development of dynamic strain, is the key input parameter in the process of soil dynamic analysis. For the convenience of analysis, the test data are normalized with the maximum dynamic shear modulus. Changing the form of Eq. 2 gives the following relationship, which can be used to fit the corresponding data.
[image: image]
Figure 12 shows the results of the dynamic shear modulus ratio. Some fitting parameters are shown in Table 6. It can be seen that the reference shear strains [image: image] and the fitted curvature parameter [image: image] of all samples increases with the increase in consolidation pressure, indicating that the stiffness attenuation gradient of all samples decreases with the increase in consolidation pressure. This phenomenon can be explained that with the increase in consolidation pressure, the pore ratio of samples decreases and the particles in the sample contact more closely and the intergranular force is larger, and the resistance to deformation is strengthened. Therefore, the samples are more resistant to deformation, the dynamic shear modulus of which can be maintained at a larger shear strain amplitude.
[image: Figure 12]FIGURE 12 | Normalized stiffness [image: image] attenuation curves for specimens with different weathering degrees: (A) CWG A;(B) CWG B;(C) HWG A; (D) HWG B (Data points halved).
TABLE 6 | Fitting parameters of test data of samples with varying weathering degrees.
[image: Table 6]DISCUSSION
The Variations of Small Strain Stiffness Properties in the View of the Microstructure
To observe the effect of consolidation pressure on the micro-morphological changes of weathered granite, the weathered granite was treated with a heating and drying method in advance. Experimental analysis of the treated HWG B using scanning electron microscopy (SEM) and SEM images are shown in Figure 13. As shown in Figure 13A, the structure of the undisturbed HWG is an interlocking structure. The mineral particles are uneven in size, with some small particles filling in between the larger ones, and the particles have an angular and irregular shape. The distribution of fractures between the particles is obvious, and the width of fractures is large. The pore type is mainly intergranular pores, the primary fissures and their development direction is irregular, and most of the fissures penetrate each other, and the minerals cannot be observed in some fissures, indicating that the fissure depth is large and the gap between the particles is large and that the weathered granite structure is loose. There is almost no cementing material between the particles, but the shapes of adjacent particles match each other, indicating that the interparticle fissures should be attributed to the loss of weathered minerals. It is noteworthy that there are flakes of highly weathered protolithic minerals between some of the quartz grains, and the flake structure is layered in face-to-face contact with obvious relaxation of the lamellar structure and large internal spacing. As can be seen from Figure 13B, the structure of the undisturbed HWG after consolidation becomes denser, the fissures between the particles are closed, and the fissures of the original laminated structure inside some particles are tightly closed due to the consolidation pressure. In summary, the undisturbed HWG after consolidation are more compaction in structure, which makes the shear wave propagate faster in the sample, and therefore the shear modulus of the sample increases.
[image: Figure 13]FIGURE 13 | SEM micrographs of HWG B in a vertical plane of specimen under 200x magnification: (A) the natural state; (B) at an effective consolidation pressure of 900 kPa.
The soil structure of unconsolidated weathered granites with different weathering degrees was investigated using SEM, and the SEM images are shown in Figure 14. SEM photographs show that the structural fragmentation of the weathered granite increases with the increase of weathering degree. As the degree of particle fragmentation increases, the number of fine particles increases, the fine particles attached to large particles also increase, and the angles of some particles gradually tend to be round with the increase in weathering degree. The fracture spacing between large particles increases and some of the fractures in the samples with a higher weathering degree are filled with small particles. Tiny fractures increase in some of the particles themselves. To summarize, with the increase in weathering degree, the fine particles increase, the fissures are more developed and the shear wave propagation is more difficult, which is the reason for the decrease of shear modulus.
[image: Figure 14]FIGURE 14 | SEM micrographs of the weathered granites at the natural state in a vertical plane for specimens in different weathering conditions under 200x magnification: (A) CWG A; (B) CWG B; (C) HWG A; (D) HWG B.
Recommended Range of Small Strain Stiffness Parameters for Weathered Granite in the Lincang Area
In order to provide parameter suggestions for the dynamic analysis of weathered granite stratum engineering construction in the Lincang area, this paper sorted out the experimental results and presented the variation range of stiffness parameters of weathered granite in the Lincang area, as shown in Figure 15. In order to facilitate comparative analyses, the results of other geomaterials were also put in the figure. It can be seen from Figure 15 that for weathered granite with different weathering degrees, the decay curve of dynamic shear modulus shows the same change trend, but there are some differences in the attenuation rate. The previous results have indicated that the sample with a higher weathering degree is more sensitive to the effective stress, but the samples with a lower weathering degree are more susceptible to the shear strain, and hence the attenuation rate is faster. The small strain (10–6–10–3) test of the resonant column shows that the weathered granites have basically identical dynamic response and regularity to the usual sand samples (Zhu and Xu, 1993; Yuan et al., 2000). The attenuation rate of the dynamic shear modulus ratio of the weathered granites in the Lincang area with increasing dynamic shear strain is basically lower than the upper boundary attenuation rate of the general sand curve, which was suggested by Seed and Idriss (1970). According to the modulus ratio data points, when the shear strain is 10–6–10–4, all weathered granites data points are distributed above the lower boundary of the remolded HWG curve reported by Niu et al. (2014), and some data points are outside the upper boundary of the reconstituted high weathered curve suggested by (Niu et al., 2014). Furthermore, all data points of the weathered granites in the Lincang area are distributed under the upper boundary of the sand curve suggested by Yuan et al. (2000). As can be seen from Figure 15, the lower limit of sand soil range given by Yuan et al. (2000) almost coincides with the upper limit of reconstituted HWG range given by Niu et al. (2014), the results range of Lincang granite is the area where the two ranges merge. In addition, the experimental results range of granite residual soil studied by Liu X. et al. (2021) are consistent with that of reconstituted HWG provided by Niu et al. (2014). As the strain increases (>10−4), the range of weathered granites data in the Lincang area gradually changes to almost cover the range of sand given by Zhu and Xu (1993) and Yuan et al. (2000), and has little overlap with the range given by Niu et al. (2014), indicating that the attenuation curves of dynamic shear modulus ratio of weathered granite in different areas have obvious differences. Although the decay trend of the dynamic shear modulus ratio of weathered granite in different regions is the same, the attenuation rate does differ significantly. There will be an obvious deviation in the dynamic analysis of the Lincang area if the experimental results of other areas are forcibly applied. In summary, compared to the data provided by Niu et al. (2014) and Liu X. et al. (2021), the weathered granites in the Lincang area exhibit the shear modulus ratio that decreases at a smaller rate with the development of dynamic shear strain and a broader variation range. Thus, the weathered granites in Lincang area are more resistant to deformation than that in other areas and suitable for serving as a construction material.
[image: Figure 15]FIGURE 15 | Results of normalized dynamic shear modulus. Data source: Seed and Idriss (1970); Zhu and Xu (1993); Yuan et al. (2000); Niu et al. (2014); Liu X. et al. (2021).
CONCLUSION
In this paper, a series of resonance column tests were carried out on undisturbed completely and highly weathered granite in the Lincang area to study its dynamic shear modulus characteristics, and the results were compared with those of others. The main conclusions and results obtained are as follows:
1) The via hand-dug open pit method was used to obtain undisturbed block weathered granite samples with minimal disturbance. A circular CNC abrasive wire sawing machine has a good processing effect on weathered granites which have rigid particles and loose texture and may be extended to the treatment of other undisturbed rock and soil materials.
2) The Stokoe formula provides a good fit to the curve of [image: image] for weathered granite in the Lincang area. At the same strain level, the maximum dynamic shear modulus of weathered granite increases with the increase in effective consolidation pressure but decreases with the increase in weathering degree. The maximum dynamic shear modulus of weathered granite with a higher weathering degree is more sensitive to the effective consolidation pressure. The fitting curve for the maximum dynamic shear modulus was given, and the fitting parameters [image: image] and [image: image] have a good linear relationship with SPT- [image: image] values.
3) The fitting formula and related parameters of the dynamic shear modulus of Lincang weathered granite were proposed, and the variation range of dynamic parameters was given. The attenuation rate of dynamic shear modulus ratio of weathered granite in the Lincang area with shear strain is significantly lower than that in other areas, indicating that dynamic parameters of weathered granite samples in different areas vary in different ranges. The parameters suggested in this paper can provide a basis for dynamic stability analysis of weathered granite stratum engineering construction.
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With the increasing global demand for clean and renewable energy sources, many underground hydropower caverns are built in deep mountain valleys in high-stress regions. The evolution of the mechanical properties of the surrounding rock of underground caverns under high-stress excavation requires urgent investigation. According to the deep-buried granite in the underground caverns of the Shuangjiangkou hydropower station, triaxial tests under confining pressures of 10, 30, 40, and 50 MPa were conducted by the MTS815 rock mechanics test system. Based on the stress–strain curve, the evolution law of the strength parameters of rock samples with the crack volume strain and energy with the energy consumption ratio under different confining pressures was analyzed. Our results showed that the stress–strain curve of the sample is divided into five stages with four characteristic points: the closed point, initiation point, volume expansion point, and peak point. The strength of each stage increases with an increase in the confining pressure. In addition, the failure of this granite is characterized by apparent shear failure. The internal friction angle and the cohesion increase rapidly with the increase in the crack volume strain, and they gradually tend to be constant. Furthermore, the confining pressure profoundly influences energy evolution during the loading in the stable and unstable crack growth stages. In these stages, total energy, dissipated energy, and elastic strain energy increase with an increase in the confining pressure. Finally, the energy consumption ratio can represent the preliminary criterion of rock failure in terms of energy. With the increase in the confining pressure, the energy consumption ratio of rock samples gradually increases to approximately 1.0 at the peak stress point. The research results can provide a reference for the instability prediction of surrounding rock masses of high-stress underground caverns.
Keywords: deep-buried granite, deformation and failure characteristics, strength parameters, energy evolution, energy consumption ratio
INTRODUCTION
With the development of the world economy and the population increase, traditional nonrenewable energy sources can no longer meet the energy demand. Hydropower has become an essential part of economic activities in various countries as renewable and clean energy. Many underground power stations are built in mountain valleys in deep high-stress areas, limited by specific topographical and geological conditions (He et al., 2005; Wang et al., 2006; Xie et al., 2015; Wang et al., 2016; Xu D. et al., 2022). Most of the diversion tunnels of Jinping II Hydropower Station have a buried depth of 1,500 m with a maximum buried depth reaching 2,525 m. Therefore, these deep underground hydropower facilities are unavoidably confronted with a similar issue: the stability of the underlying rock mass in a deep-buried or high-stress environment. Owing to the location of the facility in a high-stress region, high-stress-induced failures such as spalling, slab cracking, and rockburst may occur in the surrounding rock during excavation, seriously threatening the safety of personnel, failure of the surrounding rock support system, and increasing engineering costs (Feng et al., 2015; Feng et al., 2018; Zhang et al., 2020; Xu et al., 2021; Feng et al., 2022; Xu D.-P. et al., 2022; Zhang et al., 2022). Thus, it is critical to investigate the development of the surrounding rock failure process in a high-stress underground cavern and to provide an experimental basis for developing a durable surrounding rock excavation and support scheme.
Pioneers have conducted extensive research on rock failure during loading. Martin et al. (Martin 1993; Martin and Chandler 1994; Martin 1997) presented a method for calculating the characteristic stress based on the crack volume strain based on the extensive laboratory tests on Lac du Bonnet granite. Hajiabdolmajid et al. (2000) proposed a cohesion weakening and frictional strengthening model to capture an essential component of brittle rock mass failure. Eberhardt et al. (1999) performed an extensive laboratory investigation into the identification and quantification of stress-induced brittle fracture damage in rock. Pourhosseini and Shabanimashcool, 2014 developed an elasto-plastic constitutive model to describe the pre-peak elastic and the post-peak strain-softening behavior and the dilation of intact rocks under static loading. Zhu et al. (2007) studied the relationship between the crack initiation stress, crack initiation angle, and confining pressure based on the uniaxial and triaxial test results of Three Gorges granite. Yang et al. (2005) explored the strength and deformation characteristics of medium- and coarse-grained marbles via triaxial tests under a confining pressure of 5–40 MPa. Pu et al. (2017) quantitatively analyzed the influence of the confining pressure on the strength and deformation characteristics of phyllite based on triaxial compression tests under a confining pressure of 5–30 MPa. Zhao et al. (2014) conducted uniaxial and triaxial compression tests on Beishan granite under a confining pressure of 5–40 MPa, analyzed the stress–strain curve and its spatiotemporal distribution relationship with acoustic emission (AE) events, and revealed the rock fracture evolution mechanism in different stages of compression deformation.
The essence of rock fracture involves the flow and transformation of energy inside the rock. The storage, dissipation, and release of energy are closely related to the fracture damage state of the rock. Thus, in-depth and systematic research has been conducted on the energy evolution mechanism of hard rock failure under different mechanical environments. Xie et al. (2005) preliminarily explored the energy change process during rock failure through uniaxial tests on granite, limestone, and sandstone. Yu et al. (2022) investigated the energy evolution and the spatial fractal characteristics of acoustic emission events in the process of sandstone failure through uniaxial tests. You and Hua, 2002 investigated the energy change characteristics of siltstone samples during triaxial compression and unloading. Su and Zhang, 2008 studied the variations in strength, average modulus, and energy dissipation characteristics of damaged marble samples. Liu et al. (2013) studied the relations between energy change and the confining pressure, stress, and strain at different stages based on the triaxial compression test results of marble samples. Liu et al. (2021) investigated the mechanical properties and energy evolution of granite rocks through a triaxial compression test under different confining pressures and suggested a model for describing rock damage evolution. Wang et al. (2021) examined the confining pressure effect of energy dissipation during hard rock fracture based on the stress–strain curves and AE characteristics of Beishan granite samples under different confining pressures.
In summary, it can be found that the pioneer’s research rarely dealt with the evolution law of strength parameters with damage variables before the failure of high-stress hard rock. Second, the research on the energy evolution of the high-stress hard rock failure process mainly focused on the energy change during loading, and there were few research results that combine the energy evolution law with the macroscopic failure of the rock. In this study, the MTS815 electro-hydraulic servo mechanics test system was used to carry out triaxial compression tests on deep-buried fine-medium-grained granite from the Shuangjiangkou underground powerhouse to investigate the rock strength parameters and energy evolution law under different confining pressures (0–50 MPa). The research results are expected to provide a laboratory test basis for the selection of rock mass mechanical parameters, engineering numerical computation, excavation plan development, and surrounding rock mass support design of underground caverns under high-stress conditions.
MATERIALS AND METHODS
Sample Preparation
The studied granite was taken from a pilot tunnel of the under-construction underground caverns at the Shuangjiangkou hydropower station, which is situated roughly 2–6 km below the Zumuzu–Chuosijia river confluence in the upper sections of the Dadu River in Maerkang and Jinchuan counties, Aba Prefecture, Sichuan Province, China. The measured magnitudes of three in situ principal stresses (σ1, σ2, and σ3) in the underground caverns areas were 16–38, 9–20, and 3–10 MPa, respectively. The rock mass surrounding the underground caverns was composed of Yanshanian porphyritic biotite-K-feldspar granite. Pegmatite veins with a thickness of less than 1 m and length of 3–10 m were randomly mixed into the granite in the form of veins, bands, and block shapes.
The drilled granite core (70–72 mm in diameter) (Figure 1A) was further processed and polished into a cylindrical sample with a diameter of 50 mm and a height of 100 mm (Figure 1B) according to the suggested methods of the International Society of Rock Mechanics (Bieniawski and Bernede, 1979). The P-wave velocity of the rock sample measured using an acoustic velocimeter was 3,750–3,850 m/s. Furthermore, the rock piece from the pilot tunnel was polished and processed on the spot into mineral slices, which were identified using polarized light microscopy (Figure 2). The granite was characterized as fine–medium-grained granite with grain sizes ranging from 0.20 to 4.75 mm. The granite has a mineral composition of 35% quartz, 50% feldspar, 10% mica, and a small amount of zircon and iron (Table 1). The granite displays material features of brittle failure owing to the high amount of quartz in the mineral composition.
[image: Figure 1]FIGURE 1 | Test sample source and shape: (A) Drilling core; (B) Standard sample.
[image: Figure 2]FIGURE 2 | Mineral composition of the granite sample under a polarized light microscope.
TABLE 1 | Mineral content and the grain size of the Shuangjiangkou granite.
[image: Table 1]Test Equipment
Uniaxial and triaxial tests were performed using the MTS815 rock mechanics test system. This test equipment can be used to accurately and consistently determine the mechanical properties and seepage characteristics of rock masses, concretes, and coals under complex stress conditions. The system can also collect data at high and low speeds for various loading modes, including force, displacement, axial strain, and circumferential strain. The axial ultimate loading capacity of the test system is 4,600 kN, and the maximum confining pressure that can be applied is 140 MPa.
Test Procedure and Scheme
The test scheme is shown in Table 2. The confining pressures of triaxial tests were 10, 30, 40, and 50 MPa. There were three specimens for the triaxial tests corresponding to each confining pressure. Testing was performed according to the following steps: 1) a load of 0.5 kN was applied in advance to ensure contact between the indenter and the sample. 2) The axial load and confining pressure were applied simultaneously at a predetermined value at a loading rate of 0.5 MPa/s 3) The confining pressure was kept constant, and the axial load was continuously increased until the sample failed.
TABLE 2 | Test scheme and parameters.
[image: Table 2]STRENGTH EVOLUTION
Characteristic Stress
Rock failure is closely related to the stress path under excavation. The rock failure process under different stress paths can be reflected by the changing trend of connection points in each stage of the stress–strain curve. Therefore, accurately determining the characteristic points of each stage of rock failure is helpful in predicting and preventing rock engineering disasters. The characteristic points at the stress–strain curve of rock samples are the closed, initiation, volume expansion, and peak points. Consequently, the stress–strain curve can be divided into five stages: compaction, linear elastic, stable crack growth, unstable crack growth, and post-peak stages. The stress values corresponding to these four points are the closing stress σcc, the crack initiation stress σci, the damage stress σcd, and the peak stress σf. σf can be directly obtained because it is equal to the maximum stress at the stress–strain curve. σcc, σci, and σcd are primarily determined through the AE test method, the lateral strain difference method, and the crack volume strain method (Martin, C.D. et al., 1994). In this study, σcc, σci, and σcd were determined based on the crack volume strain method because this method has a clear idea and easy operation. According to the crack volume strain method, the volume strain εν is the sum of the elastic volume strain [image: image] and the crack volume strain [image: image]:
[image: image]
where [image: image] is the axial strain, and [image: image] is the circumferential strain.
According to the generalized Hooke’s law, the elastic volume strain εeν can be obtained as follows:
[image: image]
where [image: image] is the Poisson’s ratio, E is elastic modulus, [image: image] is the axial stress, and [image: image] is the confining pressure.
In the compaction and linear elastic stage stages, the reduction of [image: image] equals that of [image: image] induced by initial crack closure. In the crack growth stage, εν includes the volume increment induced by crack expansion; therefore, the increment of εν is less than that of εeν. The εcν–ε1 curve inclines in the negative direction and has a peak plateau period. The axial stress corresponding to the two end points of the peak plateau period are σcc and σci, respectively. With the continuous increase of load, the crack propagation leads to the volume change mode of a rock sample from compression to expansion. The inflection point can be observed at the εcν–ε1 curve and the axial stress corresponding to this point is σcd (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of the determination of each stage and characteristic stress of the stress–strain curve under σ3 = 0 MPa.
According to Eqs 1 and 2, εcν under the confining pressure of 0–50 MPa was obtained. According to the crack volume strain method, the [image: image] and [image: image] curves (Figure 4) were drawn, and the characteristic stresses (σcc, σci, σcd, and σf) under the confining pressure of 0–50 MPa were determined and are listed in Table 3. From the table, it can be seen that 1) each characteristic stress increases with the increase in confining pressure; 2) the ratios of σcc to σf, σci to σf, and σcd to σf are 0.21–0.24, 0.28–0.34, and 0.64–0.82, respectively, indicating that in terms of confining pressure effect of characteristic stresses, σcd is the most significant, σci is the second most significant, and σcc is the least significant.
[image: Figure 4]FIGURE 4 | εcν–ε1 and εν–ε1 curves under different confining pressures: (A) σ3 = 0 MPa; (B) σ3 = 10 MPa; (C) σ3 = 30 MPa; (D) σ3 = 40 MPa; (E) σ3 = 50 MPa.
TABLE 3 | Characteristic stress value and its ratio to peak stress under different confining pressures.
[image: Table 3]Strength Parameter Evolution
Since the failure of rock samples in this study was characterized by shear failure (Figure 5), the internal friction angle φ and cohesion c corresponding to each characteristic stress point were calculated using the Mohr–Coulomb criterion (Eq. 3).
[image: image]
[image: Figure 5]FIGURE 5 | Failed rock samples in compression tests.
Generally, when the loading stress exceeds σci, the rock begins to be damaged. Cracks inside the rock grow differently in response to various types of forces. In the stable crack growth stage, internal cracks mainly develop in the direction parallel to σ1, and the damage gradually increases. In the unstable crack growth stage, internal cracks are mainly characterized by penetration and slip. The damage gradually increases and accumulates until the rock fails. Therefore, the zeroed crack volume strain [image: image] [image: image] was taken as the damage variable in this study, and the relationship between φ and c with [image: image] was established as follows:
(1) Deviatoric stress [image: image] curves were drawn under different confining pressures (Figure 6).
[image: Figure 6]FIGURE 6 | Relationship between deviator stress and [image: image].
(2) φ and c values were obtained at different [image: image] curves based on the Mohr–Coulomb criterion (Figure 7; Table 4).
(3) The relationship curve between φ, c, and [image: image] was drawn, and the evolution law of φ and c with [image: image] was analyzed (Figure 8).
[image: Figure 7]FIGURE 7 | Relationship between σ1 and σ3 under different [image: image] curves.
TABLE 4 | φ and c values at various [image: image] values.
[image: Table 4][image: Figure 8]FIGURE 8 | Evolution law of strength parameters φ, c with [image: image].
From Figure 8, it can be seen that for Shuangjiangkou granite, φ and c first increased rapidly with the increase in [image: image] and then tended to be constants (φ at 49° and c at 39 MPa, respectively).
ENERGY ANALYSIS
Energy Analysis Method
The failure process of rock samples is a process of energy absorption, storage, dissipation, and release. The work done by external force on the rock includes elastic strain energy, plastic deformation energy, damage energy, and other dissipated energy. When the elastic strain energy of the rock absorbed and stored from the external system reaches its energy storage limit, the rock fails, and the stored energy is converted into surface energy, kinetic energy, heat energy, and other radiant energy. Based on this understanding, the energy analysis of the rock failure process can be conducted.
Assuming that the rock system is a closed system which does not exchange heat with the outside, the total work of the test equipment on the rock sample U can be converted into elastic strain energy Ue and dissipated energy Ud according to the first law of thermodynamics:
[image: image]
Assuming that the rock is homogeneous and isotropic, the energy during loading can be known from the elastic theory:
[image: image]
[image: image]
Under the conventional triaxial condition (σ2 = σ3), Eqs 5 and 6 can be simplified as
[image: image]
[image: image]
Energy Evolution During Rock Failure
U, Ue, and Ud of the triaxial samples were determined using Eqs 4 and 8 based on the stress–strain curves subjected to different confining pressures (Figure 9). By analyzing the energy changes in the five stages (compaction, linear elastic, stable crack growth, unstable crack growth, and post-peak stages) and four characteristic points (closed, initiation, volume expansion, and peak points), we obtained the energy evolution law of the samples during the whole loading–failure process:
1) In the compaction stage, the closure and slip of micro-cracks consume most of U (presented as Ud), resulting in less increase in Ue with the increase in the axial strain.
2) In the linear elastic stage, the compaction of micro-cracks consumes most of U (presented as Ue), leading to a small Ue. Ue increases linearly with the increase in the axial strain.
3) In the stable crack growth stage, many micro-cracks initiate with the increase in the axial load. As the number of micro-cracks continues to increase, Ue increases in a decreasing growth rate, and Ud increases with the increase in the axial strain.
4) In the unstable crack growth stage, the micro-cracks propagate with the increase in the axial load. As the propagation of micro-cracks continues, Ud and Ue rise in increasing and decreasing growth rates, respectively, indicating that the rock’s internal structure changes dramatically. Moreover, the greater the confining pressure is, the more pronounced the gap between Ue– and U–ε1 curves.
5) In the post-peak stage, the micro-cracks penetrate to form macroscopic fractures. Ue is converted into Ud, which is presented as surface energy and kinetic energy. Ue decreases and Ud increases significantly with the increase in the axial strain until the rock fails.
[image: Figure 9]FIGURE 9 | Energy– and stress–strain curves of triaxial samples subjected to different confining pressures (A) σ3 = 0 MPa; (B) σ3 = 10 MPa; (C) σ3 = 30 MPa; (D) σ3 = 40 MPa; (E) σ3 = 50 MPa.
By comparing the energy evolution of each stage under different confining pressures, we found that the energy release is concentrated in the post-peak stage, and the energy dissipation is primarily concentrated in the stable and unstable crack growth stages. To explore the influence of the confining pressure on the energy evolution, the U, Ue, and Ud values at the initiation, volume expansion, and peak stress points (Table 5) were calculated, and the corresponding U–, Ue–, and Ud–σ3 curves were plotted as shown in Figure 10. From the figure, it can be observed that the confining pressure significantly influences the energy evolution during rock failure: 1) the higher the confining pressure, the larger the difference between the U– and Ue–σ3 curves. 2) U at each stage linearly increases with the increase in confining pressure. 3) Ud and Ue at each stage nonlinearly increase with the increase in confining pressure.
TABLE 5 | Dissipated energy, elastic strain energy, and their ratio to total energy of each characteristic stress point in the crack growth stage.
[image: Table 5][image: Figure 10]FIGURE 10 | U, Ud, and Ue at the (A) initiation point, (B) volume expansion point, and (C) peak point.
Energy Criterion of Rock Failure
From the energy perspective, rock failure is caused by the quick release of accumulated Ue inside the rock. The accumulation of Ue is mainly concentrated in the stable crack growth and unstable crack growth stage. In these stages, part of Ue is converted into Ud, which leads to a sharp increase in Ud and the gradual accumulation of internal damage. Therefore, the transition from the stable state to the unstable state is a process of energy transformation and mutation. Therefore, the energy consumption ratio ku was defined to characterize the energy change and the stable state of the rock during loading (Jin et al., 2004; Li et al., 2018; Meng et al., 2020).
[image: image]
Here, when ku < 1, the rock is in a relatively stable state; when ku = 1, the rock is in a critical stable state; and when ku > 1, the rock is in an unstable state.
The ku–ε1 curves of Shuangjiangkou granite under different confining pressures show that 1) the ku–ε1 curve is spoon-shaped (Figure 11), indicating that with the increase in ε1, ku first decreases and then increases after an inflection point (minimum ku-value); 2) ku at the inflection point increases with the increase in the confining pressure (Figure 11F); 3) before the peak point, ku increases with the increase in the confining pressure, and ku under each confining pressure is less than 1.0; and 4) ku at the peak point approaches 1.0 (Figures 11A–F). At this point, the rock samples under low confining pressures are in a stable state, whereas those under high confining pressure are in a critical state. The presence of multiple sets of tensile-shear cracks inside the failed rock samples under low confining pressures (σ3 = 0, 10 MPa, see Figure 5) indicates that Ud at the pre-peak stages is relatively large, and the Ue is relatively small, thereby reducing the rate of energy dissipation and release during specimen damage. In contrast, the presence of one set of shear fractures inside the failed rock samples under high confining pressure (σ3 = 20, 30, and 50 MPa, see Figure 5) indicates that most of U is transferred to Ue at pre-peak stages, resulting in a sudden release of Ue when the rock sample fails. Therefore, ku can describe the stable state of the rock and provide new ways for predicting rock failure in terms of energy.
[image: Figure 11]FIGURE 11 | Stress–strain and ku–ε1 curves under different confining pressures. (A) σ3 = 0 MPa; (B) σ3 = 10 MPa; (C) σ3 = 30 MPa; (D) σ3 = 40 MPa; (E) σ3 = 50 MPa; (F) ku–ε1 curves.
CONCLUSION
The influences of confining pressure on the strength, deformation, failure characteristics, and energy development of deep-buried Shuangjiangkou granite were explored using triaxial tests. The following conclusions were drawn:
(1) The stress–strain curve of deep-buried Shuangjiangkou granite can be divided into five stages: the compaction stage, linear elastic stage, stable crack growth, unstable crack growth, and post-peak stages, with four critical points: closed point, initiation point, volume expansion point, and peak point. The corresponding strength parameters of each point increase with the increase in the confining pressure.
(2) The failure of deep-buried Shuangjiangkou granite samples in the triaxial tests under different confining pressures is primarily characterized by shear failure. φ and c tend to be stable after increasing rapidly with the increase in [image: image], which is consistent with the change law of strength parameters from the closed point to the initiation, volume expansion, and peak points.
(3) The confining pressure significantly influences the energy evolution in the stable and unstable crack growth stages. The total energy, elastic strain energy, and dissipated energy at each stage increase with the increase in the confining pressure, and the total energy has a linear relationship with the confining pressure. The elastic strain energy and dissipated energy increase slowly under a high confining pressure.
(4) The energy consumption ratio can be used as a preliminary criterion of rock failure in terms of energy. Compared with that under low confining pressures, the energy consumption ratio under a high confining pressure is relatively more prominent, and with the increase in the confining pressure, the value of the energy consumption ratio at the peak point gradually approaches 1.0, and the rock failure point reaches the peak value.
(5) The underground powerhouse of the Shuangjiangkou hydropower station belongs to an extremely high-stress area. During the excavation process, many branch tunnels have rockburst. The essence of rockburst is the instantaneous expression of energy storage, dissipation, and release inside the rock. Because this granite exhibits rockburst, it is impossible to conduct post-peak reinforcement to prevent or delay the further deterioration of the surrounding rock’s mechanical properties. Therefore, this study can help establish the rock mechanics model for underground caverns. Furthermore, it provides a new perspective for rockburst prediction in advance. It analyzes the stability of engineering rock mass based on the criterion of rock failure energy, which can guide the formulation of the excavation scheme and surrounding rock support countermeasures.
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In this study, cement mortar was used to make specimens containing groups of parallel joints with different inclination angles to simulate natural rock mass, and the specimens were subjected to shear tests under different normal stresses. By analyzing the crack propagation path, failure modes, and strength characteristics of these rock specimens, the effects of normal stress and joint inclination angles on the strength and failure characteristics of this type of rock mass were studied. The following conclusions are drawn: 1) when the inclination angles of the joints are 0° and 15°, the changing of the normal stress did not affect the failure mode of the rock mass. The rock mass was mainly in the mode of shear failure, and the increase in the normal stress only increased the spalling area of the rock mass. 2) When the inclination angles of the joints are 30°, 45°, and 60°, with the increasing of the normal stress, the number of those approximately parallel cracks in the specimens increased, the friction marks caused by shearing increased, and the failure mode of the rock mass changed from tension failure to tension–shear composite failure. 3) Under different joint inclination angles, the propagation and penetration paths of cracks generated in the rock mass and the damage mode of the rock mass were different. With an increase in the joint inclination angles, the damage mode of the rock mass gradually changes from shear damage to tensile–shear composite damage and the α and β angles between the through cracks and the vertical direction on the left and right sides of the specimens tended to decrease. 4) The shear resistance of the rock mass was affected by the inclination angle of the joints and the normal pressure. The shear resistance of rock mass was improved due to the increasing of normal stress. Within a certain range, with the increasing of the inclination angles of the joint, the shear resistance of the rock mass tended to decrease first and then to increase.
Keywords: rock-like material, different inclination angles, groups of parallel joints, crack propagation path, failure mode, strength properties
INTRODUCTION
Jointed rock mass is a very complex area of engineering closely related to underground engineering and slope engineering (Zhu et al., 2019; Xia et al., 2022). The existence of joints makes the fracture forms of rock mass more diverse and complex, and is also the most important factor in reducing the overall strength of rock mass (Shaunik and Singh, 2020; Tian et al., 2020; Guo et al., 2022). Under loaded conditions, the entire rock mass is more likely to rupture or even collapse due to the presence of joints (Liu et al., 2013; Ban et al., 2021; Tian et al., 2020). Therefore, the damage and strength characteristics of jointed rock mass have become important factors affecting the stability and safety of underground cavern excavation and slope engineering, giving them great research significance (Li et al., 2019; Dong et al., 2021; He et al., 2018). At present, domestic and foreign scholars have conducted a lot of research on the mechanical and strength characteristics of jointed rock mass, which also provides more reference and theoretical support for this research (Cao et al., 2020; Yang S.-Q. et al., 2019). In physical tests on rock masses with joints, the influence of one or two smooth joints on the strength of the rock mass has been studied (Huang and Yang, 2018; Niu et al., 2019; Wang et al., 2019). However, it is not common to study the influence of multiple parallel grouped joints with different inclination angles on the strength characteristics of rock mass and the form of crack propagation (Hu et al., 2022). It is worth noting that it is relatively common for multiple inclined joints to appear in groups in real rock masses. For example, in the Tongzi tunnel of the seventh contract section of the Chongqing–Zunyi section (in Guizhou) of the Lanzhou–Haikou National Expressway in China, the surrounding rocks are mainly grades IV and V, and the geological structures such as joints in the surrounding rocks are well developed. There are abundant parallel groups of joint planes with different inclination angles, as shown in Figure 1. In addition, in the natural environment, the stress states of rock mass are complex and diverse. The stability of the rock mass where a project is located will directly affect the quality and safety of the project (Yang Y. et al., 2019). For example, the rock and soil mass within a certain range around the roadway or the tunnel excavation face is also known as the surrounding rock. The mechanical properties of the surrounding rock are its resistance to deformation and failure; that is, its compressive, tensile, and shear capacity. These elements obviously affect the overall safety and stability of the tunnel (Xu 1993). Therefore, it is of great theoretical and practical significance to study the mechanical and strength characteristics, the failure modes, and the path of crack propagation of rock mass with abundant parallel grouped joints with different inclination angles as this has very important theory and engineering practice significance (Chen et al., 2020; Wang 2020).
[image: Figure 1]FIGURE 1 | Joints in the surrounding rock of the Tongzi tunnel. (A) Scenario 1. (B) Scenario 2.
Due to the brittleness of rock mass, it is difficult to obtain specimens, so the method of making rock-like material models with gypsum or cement mortar to study the mechanical and strength properties of rock mass has been widely used (Fan et al., 2021a; Lin et al., 2021a; Fan et al., 2021b; Lin et al., 2021b). For instance, Zhang et al. (2012) prepared 12 kinds of samples with multiple cross cracks using cement mortar and conducted uniaxial compression test research. Their study showed that the number and form of cracks have a significant impact on the strength characteristics of rock mass, and the existence of crossed multiple cracks affects the peak strength, the size of the crack initiation stress of the rock, and the form of the failure surface of the specimens. Zhou et al. (2018) performed uniaxial compression tests on samples of rock-like materials with three defects. They used three-dimensional digital imaging correlation technology to capture the displacement field and strain field of the surface of the samples in real time and studied the effect of the brittleness of rock-like materials on crack initiation, propagation, and coalescence behavior. Cao et al. (2018) selected the jointed rock mass specimens made of rock-like materials containing a single cavity to study the effect of the interaction between the opening and the parallel grouped joints on the crack propagation and the penetration of the rock mass around the opening by combining physical tests and numerical simulation tests. At the same time, the influence of joint spacing and inclination angle on mechanical parameters such as uniaxial compressive strength and elastic modulus of specimens was studied. Their results showed that a circular opening has a great influence on the failure mode of the non-through jointed rock mass, and the specimens in this test eventually showed four different failure modes. Xu et al. (2021) combined acoustic emission and digital scattering techniques to investigate the effect of printed layer thickness on the physical and mechanical properties of sand powder 3D printed rock-like specimens.
In view of the foregoing, the geology of Tongzi tunnel is complex, with abundant structural surfaces and complicated lithology, and groups of parallel joints are very common in the rock surrounding the tunnel. The study of the effect of these parallel joints on the crack extension penetration, damage form, and strength characteristics of the tunnel rock can provide theoretical support for the excavation, support, and maintenance of the Tongzi tunnel. Thus, the study is of great practical importance to the overall stability and safety of the Tongzi tunnel project. In view of the foregoing, the geology of the Tongzi tunnel is complex, with abundant structural surfaces and complicated lithology, and groups of parallel joints are very common in the rock surrounding the tunnel. The study of the effect of these parallel joints on the crack extension penetration, damage form, and strength characteristics of the tunnel rock can provide theoretical support for the excavation, support, and maintenance of the Tongzi tunnel. Thus, this study is of great practical importance to the overall stability and safety of the Tongzi tunnel project. At this stage, the relevant research mainly focuses on the influence of single, double, or cross joints on the mechanical properties of the tunnel rock mass under uniaxial compression experimental conditions. The number of joints contained in the studied rock masses is relatively small, the force conditions of the rock mass are largely single, and the influence of parallel groups of joints on the mechanical properties of the rock mass under compression–shear composite conditions is seldom considered. Therefore, this article studies the effect of parallel grouped joints on the mechanical properties of rock masses, taking into account the real state of the rock surrounding the Tongzi tunnel and the force characteristics of the rock mass, which can not only complement the study of the mechanical properties of rock masses but can also provide theoretical support for the safe operation of the Tongzi tunnel. Scholars’ research on indoor experiments and numerical model analysis of specimens of raw rock or rock-like materials can provide theoretical and methodological support for the progress of this study (Yang et al., 2020; Zheng et al., 2019; Xia et al., 2019, 2020), and the validation of the method of using rock-like materials instead of raw rock materials for subsequent studies on mechanical properties makes this study practical and feasible (Zheng et al., 2022). Thus, in this study, the crack extension penetration paths, rock damage forms, and strength properties of rock mass specimens containing parallel groups of joints will be investigated under compression–shear composite conditions using a cement mortar casting rock-like material model with the Tongzi tunnel as the research site.
SPECIMEN PREPARATION AND METHODS
Description of Specimen
Through the understanding of actual engineering projects and the research of the aforementioned scholars, we found that the influence of joints on the mechanical properties of rock mass is very significant. In order to analyze the influence of joint inclination angle on rock mechanics and strength characteristics, this study refers to the mix ratio of rock-like materials used in related research (Bai et al., 1999; Gao et al., 2019; Liu et al., 2016; Pu et al., 2010). A mass mix ratio of water:cement:sand = 1:2:3 was used in this research to make rock mass specimens with joints with different inclination angles and with sizes of 200 mm×200 mm×200 mm. The symbol “θ” is used to represent the joint inclination angles of the rock specimens, which is the angle generated by the intersection of the joint and the shear plane (as shown in Figure 2). The “θ” value includes five gradients of 0°, 15°, 30°, 45°, and 60°, as shown in Figure 3.
[image: Figure 2]FIGURE 2 | Schematic diagram of joint inclination.
[image: Figure 3]FIGURE 3 | Schematic diagram of a rock specimen with parallel grouped joints (A) Inclination angle is 0°.(B) Inclination angle is 15°.(C) Inclination angle is 30°.(D) Inclination angle is 45°.(E) Inclination angle is 60°.
Specimen Preparation Procedures
The specific procedures for the preparation of the specimens are described as follows:
Step 1. Adequate material was weighed and mixed according to the mass ratio of sand:cement:water = 3:2:1, and the loss factor was taken into account.
Step 2. mold release agent was applied evenly on the inside of the mold.
Step 3. The mixture was poured into the mold and vibrated, and the upper surface was smoothed after the pouring was completed.
Step 4. Steel plates with a thickness of 0.2 mm were inserted into the cement mortar of the mold at the specified position as shown in Figure 4. The steel sheets were pulled out 6–8 h after the insertion, and the structural planes simulated the joint planes in the rock mass material.
[image: Figure 4]FIGURE 4 | Specimen after joint pre burial.
Step 5. After 18–24 h, when the specimens reached the initial setting strength, the mold was removed and maintained for 28 days to obtain rock specimens containing joints with different inclination angles, as shown in Figure 5.The mechanical tests in this study were carried out using the rock and concrete mechanical test system shown in Figure 6, that is, the RMT-301 system. This instrument has a high degree of accuracy and automation, and its test procedure can be controlled manually. The user can control the end time of the test by presetting the maximum normal stress and the maximum shear displacement.
[image: Figure 5]FIGURE 5 | Finished models.
[image: Figure 6]FIGURE 6 | RMT-301 system.
Testing Procedure
After the preparation of cubic specimens without seams with a side length of 200 mm was completed, the specimens were drilled, sampled, ground, and numbered. Additionally, the obtained specimens were subjected to a triaxial compression test and a Brazilian splitting test (the process is shown in Figure 7) to determine whether the cement mortar with the mass ratio of water:cement:sand = 1:2:3 can be used as a material to simulate the natural rock mass for the model.
[image: Figure 7]FIGURE 7 | Mechanical experiment process for parameter calibration. (A) Producing specimens. (B) Specimens for triaxial experiments. (C) Specimens for Brazilian cleavage tests. (D) Process of the experiment. (E) Specimens after triaxial test. (F) Specimens after Brazilian splitting test.
Since the friction angle and cohesion of the rock specimens cannot be obtained directly from the data calculation system of the instrument, they need to be obtained by calculation. Therefore, in this study, the peak normal stress σ1 of each specimen was used as the vertical coordinate and the confining pressure σ3 was used as the horizontal coordinate, and then the optimal relationship curve of the data points of each specimen was plotted by the graphical method. Finally, the cohesion and internal friction angle of the rock samples were calculated according to the following equations (Zhou 1990):
[image: image]
In the formula:
C is the internal friction force of the rock (MPa).
[image: image] is the internal friction angle of the rock (°).
[image: image] is the intercept of the optimal relationship curve on the ordinate (MPa), and
m is the slope of the optimal relationship curve.
After calculation, the basic mechanical parameters such as cohesion and internal friction angle of the rock-like material specimens used in this study are shown in Table 1, and the mechanical parameters of several common natural rocks are also listed in Table 1 (Li and Wu 1996). Additionally, different types of rock-like materials used in the studies of Bai et al. (1999), Gao et al. (2019), Liu et al. (2016), and Pu et al. (2010) were referenced, and the mechanical parameters of these rock-like materials are listed in Table 2. The mechanical parameters of these common natural rocks and rock-like materials from the references are compared with those of the rock-like materials used in this study.
TABLE 1 | Basic mechanical parameters of several common rocks.
[image: Table 1]TABLE 2 | Mixing ratio of rock-like materials and their mechanical parameters.
[image: Table 2]As demonstrated in Table 1, the parameters of shale range as follows: modulus of elasticity 8.83–22 GPa, Poisson’s ratio 0.09–0.3, compressive strength 4.5–78.5 MPa, cohesion 3.63–9.8 MPa, angle of internal friction 11–60°, and tensile strength 0.98–9.8 MPa. As demonstrated in Table 2, the parameters of rock-like materials are as follows: density 1.5–2.22 kg/m3, compressive strength 12–59.77 MPa, tensile strength 1.12–4.01 MPa, modulus of elasticity 1.5–16.03 GPa, Poisson’s ratio 0.15–0.38, cohesion 0.25–14.35 MPa, and angle of internal friction 26.6–42°. The parameters of this study are as follows: density 2.14 kg/m3, elastic modulus 6.27 GPa, Poisson’s ratio 0.14, compressive strength 21.52 MPa, cohesive force 6.55 MPa, internal friction angle 31.99°, and tensile strength 1.31 MPa. Therefore, after the numerical comparison, it can be found that the mechanical parameters of rock-like materials in this study are in the same order of magnitude as those of common rock materials and are in better agreement with the reference range of mechanical parameters of shale. Additionally, the parameters of the rock-like materials used in this study are in the range of variation of the mechanical parameters of the rock-like materials used in the aforementioned related studies. In summary, the model developed in this study with cement mortar with the mass-combination ratio of water:cement:sand = 1:2:3 can be used to simulate natural rock masses. Therefore, the following experimental results obtained from the compression–shear composite tests on the rock-like material model containing groups of flat jointed formations in this study can be used to summarize the effects of joint structures in natural rock masses on the strength properties and damage forms of these rock masses.
After calibrating the parameters, direct shear tests were performed on specimens containing parallel and grouped joints with different inclination angles under different normal stresses. The loading is shown in Figure 8. The rock specimens as shown in Figure 3 were subjected to direct shear tests at normal stresses of 0.5, 1.0, 1.5, 2.0, and 3.0 MPa. In the direct shear test, the normal stress was applied first, and when the normal stress was close to the ideal value, the horizontal load was applied. Additionally, the horizontal load was applied by controlling the horizontal displacement rate of 0.005 mm/s. When the predetermined horizontal shear displacement was reached, the instrument was manually controlled to stop shearing.
[image: Figure 8]FIGURE 8 | Schematic representation of the loading method.
RESULTS AND DISCUSSION
Macroscopic Crack Expansion Pattern and Damage Mode of Specimens
In previous studies, cracks were classified into two categories according to the causes of rock cracks: tensile cracks and shear cracks. The damage modes of the specimens were classified into tensile and shear damage according to the type of the main cracks that led to the damage of the specimens (Chen, 2019; Mei et al., 2019; Schwartzkopff et al., 2020). It was shown that when tensile damage occurred, the surface of the specimens was clean, with traces of tensile cracks clearly visible and no obvious fragmentation. However, when shear damage occurred, the surface of the specimen had some flakes or spalling, and there were obvious scratches on the upper and lower shear surfaces of the specimen after fracture, and the surface of the newly generated cracks was rough. (Song et al., 2020; Ma et al., 2021). When shear tests are performed at different normal stresses, the rock masses may undergo only tensile damage or only shear damage, or combined tensile and shear damage. In this study, the rock masses with five types of inclined joints were subjected to direct shear tests at different normal stresses, and the final damage morphology statistics of the specimens are shown in Table 3.
TABLE 3 | Statistical table of the failure form of the samples.
[image: Table 3]The damage states of the aforementioned specimens are divided into five groups according to the inclination angle of the joints for analysis, as shown in Figures 9–13. Among them, Figures A–E show the states of the specimens after shear tests under different normal stresses, and Figure F shows the simplified form of the rock damage and the penetration path of the cracks.
[image: Figure 9]FIGURE 9 | Failure form and crack penetration path of jointed rock mass with inclination angle of 0°. (A) Normal stress is 0.5 MPa. (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa. (F) Sketch of the rock damage state and the penetration path of the fracture.
Figure 9 shows that after the direct shear test of a rock mass containing parallel, grouped, smooth joints with an inclination angle of 0° under the fifth-order normal stress, the fracture surface of the rock mass is flushed with the face of the prefabricated joints. There may be some microelements inside the specimens that reach the tensile strength, but because their small number does not form a clear through face, no clear through tensile crack is formed at the end of the prefabricated joints. In addition, it is obvious from Figure 9 that cracks with debris remaining in the middle or block spalling were produced on the surface of the specimens because of the force applied, and the surface of these cracks produced after the destruction of the specimens was uneven, which was obviously caused by friction due to the shearing action. Therefore, it can be found that when shear tests were performed on rock masses containing groups of smooth joints with an inclination angle of 0°, the change in normal stress did not have a significant effect on the failure mode and penetration path of the rock masses and only resulted in a difference in the area of spalled blocks. The rock masses all eventually underwent shear damage because they were mainly subjected to shear action, and the rock masses eventually produced shear damage surfaces that were flushed with the original joint faces.
Figure 10 shows that the rock masses containing joints with an inclination angle of 15° are basically the same in their crack expansion paths after direct shear tests under different normal stress conditions, and the cracks are all generated from the inner tip of the joints to the end of the adjacent joints for expansion and finally form through cracks. For the rock bridges between the four prefabricated joints, they produced smoother cracks due to the main tensioning action. There was no visible debris on the surface of these cracks, and the surface of the cracks was clean and clearly visible. Nearly straight through cracks connecting their adjacent tips were formed between the two prefabricated adjacent joints. Additionally, for the left and right sides of the specimens, they were penetrated by shear cracks. Thus, the specimens underwent tensile–shear composite damage. After measurement, the α and β angles between the through cracks and the vertical direction on the left and right sides of the specimen under five normal stresses were controlled in the range of 62–65° and 58–66°, respectively.
[image: Figure 10]FIGURE 10 | Failure form and crack penetration path of jointed rock mass with inclination angle of 15°. (A) Normal stress is 0.5 MPa. (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa. (F) Sketch of the rock damage state and the penetration path of the fracture.
The patterns of crack extension penetration and the forms of damage in the rock masses with joints inclined at 30°, 45°, and 60° as shown in Figures 11–13 were analyzed. It can be found that 1) with an increase in normal stress, multiple near-parallel cracks are produced in the rock bridges in the middle of both adjacent prefabricated joints; 2) with an increase in normal stress, the shear cracks in the rock sample gradually become obvious, the friction marks due to shear action gradually increase, and the area of the produced shear damage gradually increases. In particular, when the joints are inclined at 30° and 45° with an increase in normal stress, the cracks produced in the specimens gradually evolve from tension cracks to shear cracks (except when the joints are inclined at 45° and the normal stress is 3 MPa), and the damage forms of the specimens are changed from the initial tension damage to the composite damage of tension and shear; 3) the paths of crack expansion through the joints are different at three different angles of joint inclination. When the angle of joint inclination is 30°, most of the cracks produced connect the head and tail of the two adjacent joints, and a few cracks open from the tip of the precast joint and extend to the bridge above and below the tip. When the angle of joint inclination is 45°, most of these cracks start from the middle or tip of the precast joint and connect to the tip of the adjacent joint or extend directly to the bridge above and below the precast joint. When the angle of inclination of the joints is 60°, the new cracks produced do not connect the beginning and end of the two adjacent joints but mostly extend from the tip of the prefabricated joints directly to the upper and lower rock bridges of the specimen; and 4) the ranges of angles α and β differed at the three joint inclination angles of 30°, 45°, and 60°. Here, combined with the data of angle α and angle β when the angle of joint inclination is 15°, it is known that the angle α is in the range of 62–65°, 55–61°, 57–67°, and 51–62° and β is in the range of 58–66°, 57–63°, 52–60°, and 48–54° in the case of four different angles of the joint tilt, as shown in Table 4. It can be found that the pinch angle α and pinch angle β have a tendency to decrease with an increase in the tilt angle of the joints.
TABLE 4 | Angles α and β under various working conditions.
[image: Table 4][image: Figure 11]FIGURE 11 | Failure form and crack penetration path of jointed rock mass with an inclination angle of 30°. (A) Normal stress is 0.5 MPa. (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa. (F–H) Sketch of the rock damage state and the penetration path of the fracture.
The aforementioned analysis mainly focuses on the crack expansion pattern and damage mode of the rock mass with an increase in normal stress at a certain tilt angle of the joints. In addition, we found that when the normal stress is fixed, with the change in the tilt angle of the joint the damage of the rock mass and the mode of crack extension penetration are changed. For example, by comparing Figure 9B, Figure 10B, Figure 11B, Figure 12B, and Figure 13B (i.e., Figures 9B–13B), we found that when the normal stress is 1 MPa and the section inclination angle is 0°, during the experiment some microelements inside the specimen may reach the tensile strength but fail to form macroscopic penetrating cracks due to the small number, but most of the microelements reach the shear strength and produce macroscopic penetrating shear cracks, which leads to the final shear damage of the specimen. The fixed normal stress is 1 MPa, and in the process of increasing the joint inclination angle from 0° to 60°, the tensile cracks in the rock mass keep increasing, macroscopic tensile crack groups gradually appear in the specimen, and macroscopic tensile cracks and shear cracks appear on the specimen surface at the same time so that the rock mass finally shows the tensile–shear composite damage mode. By comparing Figures 9A–13A, Figures 9C–13C, Figures 9D–13D, and Figures 9E–13E, it was found that the cracks produced at different inclination angles of the joints at normal stresses of 0.5 or 3.0 MPa also roughly followed this pattern. In summary, under the same normal stress condition, the tensile cracks produced in the rock mass gradually increase with an increase in the inclination angle of the joints, and the damage form of the rock mass changes from the initial shear damage to tensile–shear composite damage.
[image: Figure 12]FIGURE 12 | Failure form and crack penetration path of jointed rock mass with an inclination angle of 45°. (A) Normal stress is 0.5 MPa. (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa. (F–H) Sketch of the rock damage state and the penetration path of the fracture.
[image: Figure 13]FIGURE 13 | Failure form and crack penetration path of jointed rock mass with an inclination angle of 60°. (A) Normal stress is 0.5 MPa. (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa. (F–H) Sketch of the rock damage state and the penetration path of the fracture.
Strength Characteristics of Rock Mass Specimens
The aforementioned content analyzes the effects of the normal stress and tilt angle of joints on the macroscopic cracking and damage mode of rock masses, while the following content focuses on their effects on the strength characteristics of rock masses. Because the peak strength and the magnitude of residual strength of the rock mass can better reflect the strength characteristics of the rock mass, in order to study the effects of the normal stress and the tilt angle of the joints on the strength characteristics of the rock mass, we compiled the shear displacement–shear stress curves of all the rock mass specimens and divided them into two groups for analysis, as shown in Figures 14, 15. Among them, Figure 14 analyzes the displacement–stress curves of individual rock specimens under the conditions of single nodal tilt angle and different normal stresses. Figure 15 analyzes the displacement–stress curves of each rock specimen under the conditions of single normal stress and different nodal inclination angles.
[image: Figure 14]FIGURE 14 | Curve of shear displacement–shear stress of the specimens under the condition of fifth-order normal stress. (A) Inclination angle is 0°. (B) Inclination angle is 15°. (C) Inclination angle is 30°. (D) Inclination angle is 45°. (E) Inclination angle is 60°.
[image: Figure 15]FIGURE 15 | Curve of shear displacement–shear stress of the specimens with joints of different inclination angles. (A) Normal stress is 0.5 MPa (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa.
The significant effects of the normal stress and the tilt angle of the joints on the strength characteristics of the rock mass are shown in Figures 14, 15. On the one hand, as shown in Figure 14A, when the tilt angle of the joints is 0°, the peak shear stress of the rock mass increases from 2.2 to 4.62 MPa because the normal stress increases from 0.5 to 3.0 MPa, and the residual strength of the rock mass also increases from 1.17 to 3.25 MPa. Similarly, Figures 14A–E show that when the tilt angle of the joints is 15°, 30°, 45°, or 60°, the same pattern is observed. Therefore, the analysis of Figure 14 shows that the shear capacity of the rock mass is enhanced by an increase in the applied normal stress during the straight shear test. On the other hand, as shown in Figure 15A, at a normal stress of 0.5 MPa, the peak shear stress of the rock mass decreased from 2.2 to 1.48 MPa and then increased to 2.72 as the angle of inclination of the joints increased from 0° to 60° while the residual strength of the rock mass decreased from 1.17 to 0.81 MPa and then increased to 1.74. Similarly, Figures 15A–E show the same pattern when the normal stress is 1.0, 1.5, 2.0, or 3.0 MPa. Therefore, by analyzing the data in Figure 15 it can be shown that the increase in the inclination angle of the joints tends to decrease and then increase the shear capacity of the rock mass.
CONCLUSION
After the aforementioned research and discussion, this study concludes the following:
(1) When the inclination angle of the joint was 0° and 15°, the changing of the normal stress had little effect on the propagation and penetration path of the crack and the failure mode of the rock mass and only caused the area of the spalling blocks to be different. Moreover, when the joint inclination angle was 0°, shear failure occurred in the rock mass under various normal stress conditions, and when the joint inclination angle was 15°, the combined tensile–shear failure occurred in the rock mass.
(2) When the inclination angles of the joints were 30°, 45°, and 60°, with the increase in the normal stress, a number of nearly parallel cracks appeared in the rock bridge part between the two adjacent prefabricated joints in the rock specimens. With an increase in the normal stress, the shear cracks gradually become more obvious, the friction marks caused by the shearing action gradually increased, and the area of the damage gradually increased. Under these three inclination angles, with a change in normal stress, the failure mode of rock mass changed from tensile failure to tensile–shear composite failure.
(3) Under different inclination angles of joints, the propagation and penetration paths of cracks generated inside the rock mass and the damage mode of the rock mass were different. With an increase in joint inclination, the damage mode of the rock mass gradually changes from shear damage to tensile–shear composite damage. Additionally, changing the inclination angles of the joints resulted in different ranges for angles α and β. As the inclination angle of the joint increased, the angles α and β tended to decrease.
(4) The shear resistance of the rock mass was affected by the inclination angle of the joints and the normal pressure. The shear resistance of the rock mass was improved when the normal stress increased. Because the peak shear strength and residual strength of rock mass increased with an increase in the normal stress applied during shearing, within a limited range the shear resistance of rock mass had a tendency to decrease first and then increase. With an increase in the inclination angle of the joint, the peak shear strength and residual strength of the rock mass generally tended to decrease first and then to increase.
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The Tashan coal mine is selected as a case study to determine the deformation and damage mechanisms of the lower roadway in a close-range residual coal pillar area. Roof drilling peephole technology is applied to detect the damage to the roadway roof surrounding rock. A boundary invisibility equation is derived for the plastic zone of a circular hole based on the theory of a butterfly plastic zone in a non-uniform stress field in which the principal stress occurs at an arbitrary angle to the vertical. Maple mathematical drawing software is combined with FLAC3D numerical simulations to investigate the influence of the principal stress ratio and direction on the roadway plastic zone. The results indicate that the plastic zone of the roadway surrounding rock assumes a butterfly shape when the bidirectional stress ratio is large, and the direction of the butterfly-shaped failure of the roadway is related to the principal stress direction. Field test images are combined to show that the asymmetric damage pattern of the lower roadway in a close-range residual coal pillar area is influenced by the presence of the roadway in a non-uniform stress field in which the main stress direction is deflected.
Keywords: residual coal pillar, lower-layer mining roadway, deformation and destruction, inhomogeneous stress field, butterfly plastic zone theory
1 INTRODUCTION
Close-range coal seam mining has become increasingly common in Chinese coal mines. Differing from single-seam mining, close-range coal seam mining is affected by a variety of factors (Lu et al., 1993; Fang et al., 2009; Kang et al., 2017; Zhang et al., 2020; Lv et al., 2022) that lead to the manifestation of distinct mine-pressure characteristics. When mining the lower roadway in the coal pillar area, the stress state of the roof rock layer of the lower coal seam is altered owing to the void area of the upper coal seam and the residual coal pillar, both of which affect the roadway excavation support and working face mining (Eberhardt, 2012; Zhang et al., 2014; Xia et al., 2021).
Roadway disasters are caused by the deformation and damage of the roadway surrounding rock under stress (Lee et al., 2011; Zou et al., 2015). Numerous studies have been conducted based on theoretical analyses and practical tests, and several related theories have been proposed including the natural caving supply theory (Zhao, 1978), axial variation theory (Yu, 1981; Yu, 1982), and maximum horizontal stress theory (Chen, 2009). The damaged area and range of the roadway surrounding rocks have been studied from a variety of different angles, and the development law of the roadway surrounding rock damage shape has been explored. Under hydrostatic pressure conditions, the quantitative calculation method involving the radius of the plastic zone around the circular hole can be calculated using the previously proposed Fenner formula and the Castellan formula (Goodman, 1982; Yang et al., 2012; Gan et al., 2015) and others have performed experimental tests and numerical simulations and demonstrated the reasonable arrangement of a mining tunnel in the lower position of a short-distance residual coal pillar.
Non-uniform stress will ultimately lead to the deformation and failure of the roadway surrounding rock (Kontogianni and Stiros, 2006; Zhang et al., 2008; Stiros and Kontogianni, 2009; Kong et al., 2014). The butterfly failure theory is based on the elastic-plastic theory, analyzes the failure mechanism of the roadway in a non-uniform stress field, establishes a physical model of the roadway surrounding rock failure, and deduces the quantitative calculation formula of the plastic zone of the roadway butterfly failure (Zhao, 2014; Zhao et al., 2016a; Zhao et al., 2016b; Ma et al., 2016; Ma et al., 2017). Guo et al. (2019) accordingly proposed an evaluation criterion for the shape of the plastic zone of a circular roadway—which can be applied to predict the potential danger zone of a circular roadway—and an evaluation criterion for the critical point of a dynamic roadway disaster based on the characteristic radius. Ma et al. (2019) showed that conjugate shear fracture seisms follow an “imitation of butterfly survival” law, and determined the necessary conditions for a conjugate shear fracture seism to occur. Hao et al. (2020) analyzed the energy characteristics of coal and rock masses upon impact failure from the perspective of energy accumulation and release.
The deformation and damage of the lower roadway in a close-range residual coal pillar area is very easy to lead to roadway disasters. Field tests were performed in this study to analyze the damage pattern of a roadway roof in a close-range residual coal pillar area of the Tashan coal mine, and to verify the deformation and damage mechanisms of the lower roadway. The deformation and damage mechanisms are explained based on the butterfly damage theory. The results provide a theoretical basis for the stability control theory of the surrounding rock of a lower roadway of a residual coal pillar during the mining process of the close-range coal seam group.
2 MATERIALS AND METHODS
2.1 Engineering Background
The Tashan coal mine is located on the middle eastern edge of the Datong coalfield. The main coal seam is the #3–5 coal, which is a combination of the #3 and #5 coal seams. The average thickness is 18.0 m and the reserves account for more than 65% of the entire mine. The coal mining technology in this mine has a large mining height for top coal caving. Among them, the 2# coal average thickness is 3.0 m and has been completely mining. The #3–5 coal seams are located 4.4 m from the mined #2 coal seam, as shown in Figure 1. The influence of other roadways is not considered here, thus only the air return roadway of the 30,503 working face is shown in the sectional view.
[image: Figure 1]FIGURE 1 | Two-dimensional view of the roadway layout between the #3–5 and #2 coal seams.
The 30,503 working face is the successful continuation of the 30,501 working face. The 30,503 working face return roadway was excavated for 860 m prior to the mining of the 30,501 working face.
Among them, the 30,503 working face return roadway is 4 m high and 5.7 m wide, the horizontal distance of the positive gang from the upper coal seam section coal pillar is 15.2 m, and the secondary gang is 25.15 m from the edge of the 30,501 working face, the section coal pillar is 20 m, as shown in Figure 1. The 30,503 working face return roadway was closed, owing to serious deformation of its return roadway, and managed while mining the 30,501 working face. After the 30,501 working face was completed, the 30,503 return roadway was opened and sealed, at which point it was found that the tunnel was basically closed. The mine has since renovated this roadway. During the renovation to 860 m, the roof, floor, and two sides of the roadway in the repaired section underwent increasing displacement, as shown in Figure 2. Large local deformations of the roadway and the two gangs have made a significant difference in the displacement. A borehole peephole was drilled into the roof of the 30,503 return roadway to visually observe the extent of damage and the damage pattern, as shown in Figure 3.
[image: Figure 2]FIGURE 2 | Damage to the excavation head during renovation.
[image: Figure 3]FIGURE 3 | On-site borehole probe images.
2.2 Field Tests
A roof drilling peephole probe can accurately and intuitively observe the lithology of the roof and the damage pattern of the roof surrounding rock. According to the actual production conditions at the site, 5 measurement points a, b, c, d, and e were located at 10, 40, 70, 100, and 130 m from the head of the return air tunnel. Measurement points were selected 10 m from the head of the return air tunnel at the roadway section for drilling and peeping, and one measurement point was arranged every 1 m at the top plate of the roadway section, marking drill holes numbered 1–7. The arrangement and numbering of the 12 measurement points are shown as a schematic diagram in Figures 4, 5.
[image: Figure 4]FIGURE 4 | Layout of the measuring points on the roadway roof.
[image: Figure 5]FIGURE 5 | Layout of the measuring points on the roadway section.
The field drilling peephole results are used to draw a drilling column comparison chart (Figure 6) according to the top plate of the roadway. The analysis shows that the fissures are mainly distributed in the top of the shallow part of the top plate, where fragmentation is particularly severe. There is a wide range of separation with differing fissure pattern distributions and horizontal and vertical interlacings. Large delaminations are observed at 0.25, 1.06, and 1.75 m. The distribution of deep fissures in the top coal of the roof plate is less severe in the areas where the peephole wall form is more complete, and the crushing situation is gradually reduced. More fissures occur at the 5–6 m peepholes, but in the range of 6–8 m, there are less fissures and the wall integrity of the peephole is high. This demonstrates that delamination has not occurred in this section.
[image: Figure 6]FIGURE 6 | Borehole columnar comparison chart.
The peeping analysis of the roadway section at 870 m of the 30,503 work face return roadway shows that the roof strata of the 30,503 working face return roadway are relatively simple within the observation range of 8 m. Approximately 1–6 thin interlayers are mixed in the coal seam with thicknesses between ∼0.1 and ∼0.7 m. The roof is relatively severely broken in the range of 0–2 m, there are many cracks in the range of 2–5 m, and there are few cracks in the range of 6–7 m. The breakage situation and damage range of the roadway surrounding the rock section at 870 m are drawn in Figure 7. The top coal in the shallow part exhibits crack development, is severely broken, and has undergone multiple episodes of layer separation. The fractures are found to gradually decrease in the deeper regions, but there are still many cracks in the range of 0–1, 2–4, and 6.5–8 m. The analysis of the damaged area shows that the breakage depth of the top plate of the residual coal pillar near the upper coal seam in the roadway section is significantly greater than that of the top plate on the other side. The damaged area follows an initially deepening trend and then becomes shallow from left to right, and exhibits an asymmetric and irregular shape distribution.
[image: Figure 7]FIGURE 7 | Surrounding rock fragmentation of the roadway section 870 m from working face 30,503.
The analysis of the stress field in the area where the roadway is located (in which the 30,503 return roadway is in the residual coal column of the #2 coal above the positive gang slope and the #2 coal mining void area is above the negative gang slope) shows that the overall roadway is in the non-uniform stress field and that the main stress direction is deflected. The following is based on the mechanical model of butterfly damage to the roadway surrounding rock in the non-uniform stress field, which is designed to discuss the breeding and formation mechanisms of such damages. The invisible equation of the plastic zone boundary of a circular hole in a non-uniform stress field with the main stress at any angle in the vertical direction is derived, and the influence law of the regional stress on the plastic zone of the roadway surrounding rock is analyzed and discussed by means of numerical simulations. The influence of regional stress on the plastic zone of the roadway envelope is analyzed and discussed using numerical simulation, and a theoretical demonstration is made for the asymmetric irregular damage pattern generated in the lower roadway in a close-range residual coal pillar area.
3 MECHANICAL MODEL OF BUTTERFLY FAILURE OF ROADWAY SURROUNDING ROCK
The working face roadway in the close coal seam group is affected by the working face of the adjacent coal seam and other working faces in the same coal seam. The stressed environment is complex owing to the existence of residual coal pillars in the close coal seam, and the stress environment at the roadway becomes increasingly complicated. It is therefore very important to explore the failure and deformation mechanisms of the lower roadway in the near residual coal pillar area. Previous reports determined the stress distribution around the circular hole in a non-uniform stress field using the principal stress direction in the vertical direction. However, in the actual production of mining engineering, after being affected by mining activities, in the regional stress field around the roadway, the direction of the principal stress is often not horizontal or vertical distributions.
To simplify the solution conditions, it is assumed that the length of the roadway far exceeds its radius, the cross-sectional shape of the roadway is circular, and the surrounding rock where the roadway is located is homogeneous, isotropic, and continuous medium, regardless of creep and viscosity. These conditions meet the requirements of plane strain.
We select one of the sections for a theoretical analysis and regard the external force as a uniform load. The mechanical model shown in Figure 8A can be established when the principal stress direction is deflected and the directions of P1 and P3 are not horizontal and vertical, assuming that P3 is α° in both directions. The radius of the circular roadway is a. The polar coordinates of a point outside the roadway are (r, θ), and the tiny unit body at this point is taken for analysis. The radial stress, hoop stress, and shear stress are σr, σθ, and τrθ, respectively. At this time, the xOy coordinate system in Figure 8A can be rotated clockwise around the origin by α° through the coordinate transformation, and can be transformed into a mechanical model in the x'Oy’ coordinate system, as shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Roadway model in the non-uniform stress field.
The two-dimensional plane stress solution at any point outside the circular hole in the non-uniform stress field where the principal stress forms any angle with the vertical direction is determined according to the aforementioned mechanical model and based on the theory of elastic mechanics (Zhao et al., 2016a; Zhao et al., 2016b; Ma et al., 2017):
[image: image]
The Mohr–Coulomb strength theory is used as the basis for assessing the failure of rock mass around the hole. Taking the stress value at any point in Eq. 1 into the Mohr–Coulomb strength criterion and defining η as the ratio of the maximum to the minimum principal stress, the invisible equation of the plastic zone boundary of the circular hole in the non-uniform stress field where the principal stress occurs at any angle relative to the vertical direction is obtained according to the work of Zhao (2014); Ma et al. (2016); and Guo et al. (2019):
[image: image]
Each variable is represented as
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where a is the circular hole radius, C is the surrounding rock cohesion, φ is the internal friction angle of the surrounding rock, and η is the maximum and minimum principal stress ratio.
The aforementioned formula indicates that the extent of the plastic zone of the roadway is related to parameters η, a, φ, and C. In actual mining engineering, the roadway radius is usually a given size owing to production factors. The extent of the roadway plastic zone can therefore be considered to be altered by the combined influence of the surrounding rock lithology itself and the regional stress field where the roadway is located. The plastic zone of the roadway can be regarded as the result of the combined action of the rock mass itself and the stress environment. Because of space requirements, this article does not address the influence of the surrounding rock strength on the plastic zone of the roadway surrounding rock, but rather only explores the influence of the regional stress field where the roadway is located in the surrounding rock plastic zone. Theoretical analysis and numerical simulation methods are applied in combination with a numerical simulation software (FLAC3D), mathematical drawing software (Maple), and the boundary equation of the plastic zone of a non-isobaric circular roadway. The influences of the principal stress ratio and the direction of the plastic zone of the cavern rock mass are analyzed and discussed.
4 RESULTS AND DISCUSSION
4.1 Influence of Principal Stress Ratio
Vertical stress in the measured original rock stress field is generally believed to be equal to the weight of the overlying rock, and the vertical stress is considered to be generally smaller than the horizontal stress (Yoshio et al., 1974). The underlying mechanical parameters for the numerical simulations in this article were obtained from the data provided by the Tashan coal mine.
1) Theoretical analysis of a homogeneous circular roadway
In the theoretical analysis, the radius of the circular roadway is 2 m and the surrounding rocks of the roadway are by default homogeneous rocks. Two different initial stress conditions are selected for analysis and study. Scenario 1 uses P3 = 6.4 MPa, α = 90°, C = 3 MPa, and φ = 25°, and scenario 2 uses P3 = 14 MPa, α = 90°, C = 3 MPa, and φ = 25°. According to the non-isobaric circular roadway plastic zone boundary equation (Eq. 2), the change law of the surrounding rock plastic zone is calculated under different maximum and minimum principal stress ratios of the roadway by constantly changing the maximum and minimum principal stress ratio η.
Table 1 shows that Basic information, parameters, and graphic form of scenarios 1 and 2. Figure 9 shows that the plastic zone is an elliptical shape when P3 = 6.4 MPa, α = 90°, C = 3 MPa, and φ = 25°, when 0 < η ≤ 1.4, and the maximum plastic zone values appears on the X-axis. When 1.4 < η ≤ 2.3, the plastic zone is butterfly-shaped, and the maximum value of the plastic zone appears at the four corners of the butterfly-shaped front. When η > 2.3, the plastic zone of the roadway surrounding rock is butterfly-shaped, the primary and larger stress ratios are associated with larger butterfly leaves, and the maximum plastic zone appears at the four corners of the butterfly.
[image: Figure 9]FIGURE 9 | Variation of the plastic deformation ratio and main stress area of the roadway.
TABLE 1 | Basic information, parameters, and graphic forms of scenarios 1 and 2 (Kong, 2020).
[image: Table 1]Figure 10 shows that when P3 = 14 MPa, α = 90°, C = 3 MPa, φ = 25°, and 1 < η ≤ 1.6, the plastic zone is elliptical, and the maximum value of the plastic zone appears on the X-axis. When 1.6 < η ≤ 2.1, the plastic zone is butterfly-shaped, and the maximum value of the plastic zone appears at the four corners of the butterfly-shaped front. When η > 2.1, the plastic zone of the roadway surrounding rock is butterfly-shaped. A larger principal stress ratio area is associated with a larger butterfly leaf, and the maximum plastic zone appears at the four corners of the butterfly.
[image: Figure 10]FIGURE 10 | Variation law of the plastic deformation ratio and main stress area of the roadway.
The analysis of Figure 11 shows that the size of the plastic zone of the roadway surrounding rock and the principal stress ratio to which it is subjected exhibit an overall positive linear correlation. The maximum depth of the plastic zone gradually increases with the increasing principal stress ratio. At certain times, the depth of the plastic zone shows a jumping increase. A comparative analysis of the two pictures shows that under different minimum principal stress conditions, the shape of the plastic zone successively changes from an ellipse to a butterfly shape with an increasing principal stress ratio and ultimately becomes a butterfly shape. The shape of the plastic zone of the roadway surrounding rock is greatly affected by the principal stress ratio.
2) Numerical simulation analysis of a homogeneous circular roadway
[image: Figure 11]FIGURE 11 | The shape and size of the roadway plastic zone are affected by the principal stress ratio.
Numerical simulation tests were similarly carried out with a homogeneous circular roadway to verify the aforementioned theoretical analysis. The numerical simulation uses a homogeneous thin plate model with a circular hole radius of 2.0 m and a grid size of 0.5 m. The surrounding rock of the roadway is considered to be a homogeneous single lithology, the same vertical direction stress is used for each loading test, η is continuously changed, and the model is loaded according to the obtained stress conditions.
Figure 12 shows that when η = 1, the roadway is in a three-way isobaric state, the plastic zone is circular, and the plastic zone is small. When η is slightly less than 1, the vertical stress is greater than the horizontal stress, and the failure of the roadway gradually increases on the left and right sides. When η = 0.5, the plastic zone gradually takes on an elliptical shape. Affected by the large vertical stress, the long axis of the ellipse is in the horizontal direction; when η is further reduced, the plastic zone gradually changes from an elliptical shape to a butterfly shape. When η = 0.2, a clear butterfly shape is present and the direction of the smaller angle between the two butterfly leaves is in the vertical direction. When η gradually increases from 1, the horizontal stress plays a dominant role, in which a larger damage zone of the roadway appears in the vertical direction. When η = 2 and under the influence of the larger horizontal stress, the plastic zone involves the long axis in the vertical direction. The plastic zone then gradually develops and expands in the direction of the four sharp corners, and enters a butterfly-shaped gestation state. When η = 2.5, the plastic zone tends to develop along with the four sharp corners, and the sharp corners are destroyed. When η = 3, the plastic zone initially has a butterfly shape, and the butterfly plastic zone is then further developed and expanded.
[image: Figure 12]FIGURE 12 | Plastic zone of the roadway under different principal stress ratios.
Figure 13 shows the numerical simulation results of the maximum failure depth of the roadway surrounding the rock plastic zone for different η values obtained by statistical calculations. When the surrounding rock properties are uniform and P3 is held consistently, the maximum failure depth of the roadway and η are approximately symmetrically distributed about η = 1. When η is very small, the roadway presents a butterfly shape. As η continues to increase and approaches 1, the extent of the butterfly-shaped plastic zone gradually decreases and eventually degenerates into an ellipse with a long axis located in the horizontal direction, and then gradually degenerates to a circular shape with the smallest plastic zone extent. The maximum damage range and shape of the plastic zone follow a relatively symmetrical law. The plastic zone gradually expands from a circle to an elliptical shape with a long axis in the vertical direction, and then gradually enters a butterfly-shaped gestation state, which eventually expands into a butterfly-shape and grows butterfly leaves.
[image: Figure 13]FIGURE 13 | Maximum depth of the damage in the plastic zone of the roadway at different principal stress ratios.
4.2 Influence of the Principal Stress Direction
The principal stress direction will change and deviate from vertical and horizontal directions. The previous theoretical analysis showed that the principal stress direction also affects the roadway plastic zone. This section explores the shape and extent of the plastic zone when the principal stress direction is deflected.
1) Theoretical analysis of a homogeneous circular roadway
As shown in Figure 14A, when P3 = 6.4 MPa, η = 1.5, C = 3 MPa, φ = 25°, and α = 0°, the maximum principal stress is in the horizontal direction, and the shape of the plastic zone is elliptical, and the maximum depth of the plastic zone appears in the vertical direction (with the Y-axis forming an angle of 30°). When α = 30°, the maximum principal stress forms an angle of 30° in the horizontal direction, the plastic zone shape is elliptical, and the maximum depth of the plastic zone occurs at an angle of 60° to the X-axis. When α = 30°, the maximum principal stress forms an angle of 60° in the horizontal direction, the plastic zone shape is elliptical, and the maximum depth of the plastic zone occurs at an angle of 30° with the X-axis. When α = 90°, the maximum principal stress occurs in the vertical direction, the shape of the plastic zone is elliptical, and the maximum depth of the plastic zone occurs in the horizontal direction.
[image: Figure 14]FIGURE 14 | The plastic zone shape of the roadway surrounding the rocks is affected by the maximum principal stress direction.
Figure 14B shows that when P3 = 14 MPa, η = 2.3, C = 3 MPa, φ = 25°, and α = 0°, the maximum principal stress is in the horizontal direction, the plastic zone is butterfly-shaped, and the maximum depth of the plastic zone appears in the four butterfly leaves of the graph. The top occurs at an angle of approximately 45° with the vertical direction. When α = 30°, the maximum principal stress occurs at an angle of 30° with the vertical direction, the plastic zone is butterfly-shaped, and the maximum plastic zone depth appears at the top of the four butterfly leaves. When α = 60°, the maximum principal stress forms an angle of 60° with the vertical direction, the plastic zone is butterfly-shaped, and the maximum plastic zone appears at the top of the four butterfly leaves. When α = 90°, the maximum principal stress direction is horizontal and forms an angle of 90°, and the shape of the plastic zone is consistent with the previous deflection angle, showing a butterfly shape, in which the maximum plastic zone appears at the top of the butterfly leaf. In summary, regardless of how much the principal stress is deflected, the shape of the plastic zone still maintains its pre-rotation shape. In contrast, the direction of the plastic zone is greatly affected by the principal stress direction, and the two show a standard positive correlation.
2) Numerical simulation analysis of a homogeneous circular roadway
The numerical simulation results in Figure 15 show that the shape of the surrounding rock plastic zone is related to the stress environment. When the bidirectional stress ratio is small, the shape of the plastic zone is circular or elliptical. When the bidirectional stress ratio increases to a certain value, the plastic zone becomes butterfly-shaped, which is consistent with the previous analysis results, and in which the maximum failure position of the plastic zone changes with the principal stress direction of the regional stress field. With different principal stress directions, the maximum failure depth of the plastic zone appears at different positions of the roadway. A butterfly blade of the butterfly-shaped plastic zone may be the maximum failure position of the roadway roof, which leads to large-range damages to the roadway roof and is difficult to effectively and safely control. The previous results show that the surrounding rock plastic zone obtained by the numerical simulation is consistent with those obtained by the theoretical analysis with changing principal stress direction.
[image: Figure 15]FIGURE 15 | Roadway plastic zone for different main stress directions.
4.3 Analysis of the Damage Range of the Return Air Tunnel in the 30,503 Working Face
The spatial position and stress situation of the 30,503 working face return roadway were analyzed. The 30,503 return roadway is located in the residual coal column of the #2 coal above the positive gang slope and #2 coal mining void area above the negative gang slope, and the overall roadway is in the non-uniform stress field. Upon completion of mining the #2 coal, the ratio of the maximum principal stress to the minimum principal stress in the regional stress field increases to a maximum. The principal stress direction in the regional stress field is affected by the mining and other factors. The direction of the roof will change and will no longer be vertical and horizontal. According to the drawn roof damage range, the roof surrounding rock is asymmetrically damaged. The damage range is 1/4 butterfly leaf state, and the maximum damage range appears at the top of the butterfly leaf. Figure 16 shows that the minimum position of the failure area is similar to the principal stress direction. The analysis shows that the roadway exhibits a butterfly-shaped failure trend under a non-uniform stress field. The direction of the butterfly leaf changes with the principal stress direction, which is the direction of the butterfly failure zone symmetry axis.
[image: Figure 16]FIGURE 16 | Failure range and principal stress distribution map.
5 CONCLUSION
In this study, the large deformation and closure of the 30,503 working face return roadway of the China National Coal Group Corporation Tashan coal mine during the repair stage were investigated. The field measurements show that the fracture form of the lower back mining tunnel surrounding rock in the coal column area exhibits an asymmetrically irregular distribution. The boundary invisibility equation was derived for the plastic zone of a circular hole in a non-uniform stress field with the principal stress at an arbitrary angle to the vertical direction based on the butterfly plastic zone theory. The evolution law of the failure form of the roadway surrounding rock is obtained with regard to the changes in the regional stress field, as well as the influence of the maximum principal stress. The effects of the maximum principal stress and minimum principal stress ratios and their associated changes in the regional stress field were elucidated, as well as the effect of directional rotation on the plastic zone of the roadway. And it revealed the non-uniform failure mechanism of the lower roadway in the coal pillar area. These conclusions are summarized as follows.
1) The return roadway of the 30,503 working face was influenced by the residual coal column of the upper coal seam. The deformation and damage forms of the surrounding rock appear to exhibit asymmetric deformation distribution characteristics. The sinking amount of the roof plate is found to be greater than that along the two walls. The damaged area of the symmetric position of the roof plate shows obvious differences: the damaged area from left to right shows an initially deepening trend and then becomes shallower. The damaged area also shows an asymmetric distribution.
2) The invisible equation for the plastic zone boundary of a circular hole in a non-uniform stress field with the main stress at an arbitrary angle to the vertical direction was derived, and obtained the influencing factors of the plastic zone distribution of the lower roadway in the close-range residual coal pillar area, analyzed the evolution law of the damage pattern of the roadway surrounding rock with the change of the regional stress field, and revealed the mechanical mechanism of the asymmetric damage of the lower roadway in the residual coal pillar area under a non-uniform stress field.
3) The stress distribution around the circular roadway in the non-uniform stress field under the changing principal stress ratio conditions and the deflection of the principal stress direction were analyzed. The plastic zone of the roadway surrounding rock shows a butterfly shape when the bidirectional stress ratio is large. The breeding and evolution mechanisms of the butterfly-shaped damage in the circular roadway are determined in a non-uniform stress field under the deflection of the main stress direction. Combined results of roof drilling peephole detection to explain that the asymmetric damage pattern of the lower roadway in the residual coal column area is produced because the roadway is in a non-uniform stress field and that the main stress direction is deflected.
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Elastic modulus
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Green area

Yellow area
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Event spacing/m

25 m, low clustering
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20ms L;<25m
15m<L;<20m

< 15m, high clustering
degree

Rockburst
probability

0-26%

25-50%
50-75%
75-100%

Explain

The distance between microseismic events is far, the microseismic distribution s irregular andin a
random discrete state, and the interaction between microseismic events and microseismic
events is very smal, so the danger degree of this area is safe

The concentration degree of events in this area transits in turn, with moderate clustering degree
and low correlation degree between microseismic events and microseismic events

The distance between microseismic events is close, the microseismic distribution is regular and
clustered, and the microseismic events and microseismic events have great mutual influence, so
the danger degree of this area is dangerous
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Material AW p kgm cJkg™ s
Solid: quartz (20°C) 76 2650 745 385 x 10°°
Gas: chy air (20°C, normal atmospheric pressure) 0.026 1.20 1000 217 x 10°°

Fluid: water (20°C) 0.6 1000 4200 1.43 x 107
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0.829
0.894
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0.786

svm
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0742
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378
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0.746
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an
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0.763
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1,040
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338
0.727
0.755
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5 174 219 242 226 306 234
75 152 221 280 236 318 243

10 126 248 216 287 431 297
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Red mud 25.58 26.40 23.26 1.33 14.98 0.15 0.21 0.80
Fly ash 49.1 387 6.0 18 02 0.4 08 11
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Method

DDA

MPM

PFEM

SPH

NMM

DEM

CFD-DEM

Features

DDA (discontinuous deformation analysis) is anumerical analysis method for geotechnical engineering, which can be used to
simulate discontinuous large deformation problems.

MPM (material point method) is a new particle numerical method with the advantages of Lagrange description and Euler
description, which is especially suitable for the analysis of problems with large deformation and moving interfaces.
PFEM (particle finite element method) is also the combination of Euler and Lagrange methods, which can consider free
surface, breaking wave, flow separation, etc., and can effectively avoid grid distortion in large deformation.

Core of the SPH (smoothed particle hydrodynamics) method is the interpolation principle of the kerel function, which strictly
meets the mass conservation. Different rheological constitutive refations can be used in the calculation model, which is
suitable for dealing with large deformation, movable boundry, free surface tracking, and moving interface problems.
NMM (numerical manifold method) uses mathematical and physical two sets of independent cover systems, which only need
to cover the whole calculation area with regular grids. The cover function can be freely selected, according to the type of
solving problems, and can solve continuous and discontinuous problems uniformly.

DEM (discrete element method) takes particles as the research object and reflects the microscopic dynamic characteristics
of alarge number of particles by defining the interaction between particles, which is suitable for analyzing the water debris
flow and diluted debris flow with a small viscosity of the siurry.

CFD-DEM (computational flid dynamics-discrete element method) is a coupling calculation of the continuous medium and
discrete medium, which is suitable for simulating the debris flow with obvious gap flow and solid particle interaction.
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Researchers

Zhang and Xie
(2008)

Zhu et al.
(2000)

Chen et al.
(2002)

Tang et al.
(2006)

Dang et al.
(20092)

Cheng et al
(2007)

Du et al. (2012)

Liu and Zhou
(2015)

Discriminants

R=fad

K= (1-c0s6)(§+0.28 +Iny, +0010).

o

Z=208

C= (5" )" an@.

<10 and (Eitan @)/ (tan g <04,

Qepers

"= O

_ Gongeacostn _ oo
R= [T gsin®.

(e
Qs
1.39y, - 0.06K, — 9.69.

D=21.18 0.54j—"+0.08ﬂ+
s

Threshold condition

R <5, barely blocked; 5< R
<10, seriously blocked; R
>10, inclined to be blocked

K <1, never blocked; 1<K <2,
temporarily blocked or
partially blocked; K >2,
completely blocked

C, >1.44, blockage formed

Z <0.5, never blocked; 0.5
<Z <1.0, partially blocked;
Z 1.0, completely blocked

C 2 0.87, blockage ocours;
When the second
discriminant is satisfied, the
river is barely blocked.

7>1001.16, blockage occurs

R = 1, the main riverway may
e fully blocked; 0.5< Z <1.0,
the main riverway may be
partially blocked

D <3, barely blocked;
<D <6, partially blocked;
D >6, completely blocked

Notes

P—outbreak possibilty of debris flow,
Bz—width of the main riverway,
Q,—discharge of the debris flow,
Q,~discharge of the mainstream,
J,—gradient of the mainstream, and
Jy—gradient of the debris flow gully
6—confluence angle, b—width of the
main riverway, R—bending radius of
the river, Q,—peak discharge of the
tributary debris flow, Q,—mainstream
discharge of the tributary debris flow,
yo—density of the debris flow, and
t—duration of the debris flow
ya—volume-weight of the debris flow,
ym—volume-weight of the water flow,
va—average flow velocity of the debris
flow, vey—average flow velocity of the
mainstream, a—confluence angle,
Qu—discharge of the debris flow, and
Qu—discharge of the mainstream
B—width of main riverway,
Qu—discharge of mainstream,
Qc—discharge of debris flow,
p—confluence angle, K—correction
coefficient, ranging from 1.0 to 1.5
w—width of the main riverway,
tany—gradient of the mainstream,
r—flow ratio of the debris flow to
mainstream, D—confluence angle, 7/
(pgw)—comprehensive parameter
considering the scour resistance of the
debris flow and the width of the
mainstream

B—confluence angle, Q,,—discharge
of the mainstream, Q,— discharge of
the debris flow, v, —flow velocity of the
debris flow, vem—flow velocity of the
mainstream, y—volume-weight of the
debris flow, y.,—volume-weight of the
water flow, p—density of water,
7,—inital shear force of the debris flow,
H~—upstream banked-up water level,
Ru—momentum ratio of the branch to
mainstream

s yw —density of the debris flow and
water flow, respectively,
Cau—concentration of the debris flow,
6—downstream slope of the gully,
g—gravitational acceleration

B—angle of intersection, K,—width of
the main riverway, Q,—discharge of
the debris flow, Q,—discharge of the
mainstream, J,—gradient of the
mainstream, J,—gradient of the debris
flow guly, y,—volume-weight of the
debris flow

Research objects

Four debris flow gulies in the arid
valley area of the upper reaches of
the Minjang River in China

Peilong gully, Sichuan-Tibet
Highway, Tibet, China

The formula is based on the flume
test.

Some debris flow gulies in the
upper reaches of the Minjiang
River and the Xiaojiang River of
Yunnan province, China

The formula is based on the flume
test.

Some debris flow gullies in the
southeast of Tibet, China

The formula is derived from the
theory.

Six debris flow gullies in the
Wenchuan earthquake area of
China
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Researcher Influencing factors of the debris flows

Influencing factors of the main river

Other comprehensive influencin;

Total  Gravity Gully
gradient

volume

Zangeta. O °
(2007)

Zhou (1991) O -
Znu et al. - o
(2000)

Liu and Zhou — o
(2015)
Xuetal. 2002) O o
Guo et al o o
(2004)
Chen et al. s o]
(2002)
Tang et al. - o]
(2008)
Wu et al. - =
(2005)
Wei et al. - o
(2002)
Luand Zheo © o]
(2016)
Zhu et al. o -
(2016)
Lvetal. (2016) O -
He @014 O -

Dangetal.  — -
(2009a)

He (2003) -

Total times 8 10

The circle “O" in the table indicales that the researcher has considered this influencing factor, and the shart line “—" indlicates that the researcher has not considered this influencing factor.

o
4

Discharge

Particle
grading

o
4

Others

Outbreak
frequency,
viscosity

Duration

Moisture
content
Velocity
Maisture
content
Impact
strength

Discharge

o
6

Width of
‘main
river

8

Gradient of
‘main river

Others.

Bending
radius of
river

Water
density

Velooity

Angle of
intersection

‘The ratio of mai
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Geological section

Excavation slope orientation
Natural slope top orientation
Combination 1: Strata + NEE joints
Combination 2: Strata + NWW joints
Combination 3: Strata + NNE joints

Section 1
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Figure 10A
Figure 10B
Figure 10C
Figure 10D
Figure 10E
Figure 10F

Orientation

10°275°

10°286°

0°285°
3557285°
350°.85"
350°.89"

Volume (m?)

30,484
27,698
19,487
18,352
17,610
18,157

Sliding mode

Double-face
Double-face
Double-face
Double-face
Single-face
Single-face

Sliding Area (m?)

705/651
705/583
705/488
3,023/470
2,892
3,017

Safety factor

10
10
5.616
0.232
0.222
0.222
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Face  Dip () Dip dir. () Normalid  Joint plane  Half space

2 84 259 1 Yes Above
f 27 180 2 Yes Below
fs 59 228 3 Yes Above
fa 74 124 4 Yes Above
fs 74 124 4 Yes Above
fo 0 0 5 No Above
fr 90 0 6 No Above
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Empirical formula

Qp =63 (Hy)' ™.

72 (V1)°%0,

81 (ViHo)*®

0158 (PE)**!,

.99 - (dVo)°4°.

o = GOHE (HafH ™7 - (VI/H)
< (VS IHGy 4" - (Ho/ Wa) %% . &7

Qp =1.268 - (Hh + 0.3/,
Qo = 1.776 - (5)°¥,
Qo = 1.154 + (ViyHa)0412,

Qp = 0.6971 (Hy,) ™ (V)02
Qo = 0.038(VOT5H!%),
Qp = 0.6971 (H,,) ™ (v1)°%®

Qp = 0.0443G5V/297 110

Parameter

Hy—dam height (m)
V;—volume of dammed lake (m?) and Hy—dam height (m)

PE—potential energy of water, d— lake water-level drop during the
flood (m), and Vo—volume of dammed lake (m?)

g—the acceleration of gravity (m/s?), Hy—dam height (m). H, = 1 m,
V;—volume of dammed lake (). Wy—dam width (m), Vg —dam
volume (m°), and a—erodibiity coefficient

Hu—height of water above final breach bottom (m)

S— lake area (m?)

Vi—volume of water above the final breach (m°) and H,,—height of
water above final breach bottom (m)

Hu—height of water above final breach bottom (m) and Vi—volume
of the dammed lake (m°)

H —height of water behind the dam (m) and V —volume of water
behind the dam (m?)

H,—height of water above final breach bottom (m). Vi—volume of
the dammed lake (m°)

g—the acceleration of gravity (m/s?), H,,—height of water above final
breach bottom (m), and V; —volume of the dammed lake (m°)

Applicable
condition

Landslide dam
Landslide dam

Landslide dam
Landslide dam
Embankment dam

Embankment dam
Embankment dam

Embankment dam
Embankment dam
Embankment dam

Embankment dam

Reference
Costa (1985)
Costa and Schuster (1991)
Walder and O'Connor (1997)

Peng and Zhang (2012)

Kirkpatrick (1977)

Singh and Snorrason (1984)
Macdonald and
Langridge-Monopolis (1984)
Hakimzadeh et al. (2014)

Pierce et al. (2010)
Froehlich et al. (1995)

Webby (1996)
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Model

DABA
Zhong et al.'s model
DBWHR-2018

Sediment transport

Meyer-Peter and Miller formula
Linear shear stress erosion formula
Hyperbolic shear stress erosion formula

Breach shape

Trapezoidal
Trapezoidal
Trapezoidal

Flow over
the dam

Broad-crest weir flow
Broad-crest weir flow
Broad-crest weir flow

Breach mode  Soil erodibility

Overtopping
Overtopping
Overtopping

Varied
Constant
Constant

Reference

Chang and Zhang (2010)
Zhong et al. (2017)
Chen et al. (2015)
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Category

Formation
conditions

Geometry of
the dam

Water content of
the dam

Clay content of
the dam
Roundness of the
dam material
particles
Structure of dam

Permeabilty of
the dam

Debris-flow dams

Itis formed by the debris flow blocking the
tiver (Wang et al., 2017; Zou et al., 2020)

Dam height and upstream and downstream
slopes are smaller than those of landsiide
dams Cheng et . (2007); Dang et al.
(2008b)

Full saturation Cheng et al. (2007); Dang
et al. (2009b); Wang et al. (2017)

High Dang et al. (2009b); Liu J. F. et al.
(2014)
High Dang et al. (2009b); Wang et al. (2009)

Dense and poor particle sorting Dang et al.
(2009b); Liu J. F. et al. (2014)
Low Dang et al. (2009b)

Landslide dams

Itis formed by landsiides blocking the river
(Cui et al., 2009; Li et al., 2021).

Dam height and upstream and downstream
slopes are larger than those of other dams
Lai et al. (2015); Shen D. et al. (2020).

Natural water content Cui et al. (2009); Li
et al. (2011); Zheng et al. (2021)

Middle Cui et al. (2009); Zhang et al. (2016);
Zhang et al. (2019)

Middle Li et al. (2011); Zhang et al. (2016);
Zhong et al. (2017); Zheng et al. (2021)

Relatively loose and good particle sorting
Zhang et al. (2019); Zheng et al. (2021)
Middle Gregorett et al. (2010); Wang et al.
(2017); Zheng et al. (2021)

Moraine dams

Itis formed by moraine accumulation and
contains buried ice (Clague and Evans,
2000; Benn and Owen, 2002.

Dam height and upstream and downstream
slopes are smaller than those of landsiide
dams Evans and Clague (1994).

Natural water content Osti et al. (2011);
Herrmann and Bucksch (2014); Begam
etal. (2018)

Low Osti et al. (2011); Begam et al. (2018);
Neupane et al. (2019)

Low Herrmann and Bucksch (2014); Begam
etal. (2018); Neupane et al. (2019)

Loose and poor partice sorting Evans and
Clague (1994); Neupane et al. (2019)

High Liu J. J. et al. (2013); Neupane et al.
(019)

Notes

In most
cases

In most
cases

In most
cases
In most
cases

In most

In most
cases
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Researcher

Shiwei Bai
Qingoeng
Gao
Gang Liu

Chengzhi Pu
This study

Mix ratio
(weight
ratio)

Sand:gypsum:water =
Sand:water:white cement

Ordinary Portland cement:yellow sand:
water = 1:3:0.42

C42.5 white cement:tap water = 2:1
Fine sand:cement:water = 3:2:1

Density
(kg/m®)
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e
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Compressive
strength
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Tensile  Elastic
strength  modulus
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Internal friction
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Material type

Spring block

Rock block

Joint

Parameters

Bulk modulus (MPa)

Shear modulus (MPa)

Density (g/cm®)

Density (g/om’)

Bulk modulus (GPa)

Shear modulus (GP2)

Internal friction angle ()
Cohesion (MPa)

Tensie strength (MPa)

Joint normal stifiness (GPa/m)
Joint shear stiffness (GPa/m)
Initial internal friction angle ()
Residual intemal friction angle (')
RI(m)

Initial fracture aperture of joint/um)

97.2
1458
26
269
293
202
42

10
400
30
30
21
0.0001
920





OPS/images/feart-09-819290/feart-09-819290-g015.gif
of SR —

£1f noosancassany
= 0
? e

R T—






OPS/images/feart-09-819290/feart-09-819290-g016.gif
i S a0t

1o} Sansnco e,

o S omrRC o
o (T ——






OPS/images/feart-10-950648/feart-10-950648-g015.gif





OPS/images/feart-10-950648/feart-10-950648-g014.gif





OPS/images/feart-10-950648/feart-10-950648-g013.gif





OPS/images/feart-09-819290/inline_12.gif
T/ T





OPS/images/feart-10-950648/feart-10-950648-g012.gif





OPS/images/feart-09-819290/inline_13.gif





OPS/images/feart-10-950648/feart-10-950648-g011.gif





OPS/images/feart-09-819290/inline_10.gif





OPS/images/feart-10-950648/feart-10-950648-g010.gif





OPS/images/feart-09-819290/inline_11.gif





OPS/images/feart-10-950648/feart-10-950648-g009.gif





OPS/images/feart-09-769257/inline_13.gif





OPS/images/feart-10-821735/feart-10-821735-g009.gif
) waterton
eidentistares
(-] dam %,

[ vieamn
[ e
@ ot monioring
[ pubtic cducation






OPS/images/feart-09-769257/inline_12.gif





OPS/images/feart-09-769257/inline_11.gif





OPS/images/feart-09-769257/inline_10.gif





OPS/images/feart-09-769257/inline_1.gif





OPS/images/feart-09-769257/feart-09-769257-t001.jpg
Dry density/ Porosity/% Liquid limit/% Plastic limit/% Plasticity index Mass ratio of each grain group (mm)/%
s
g/om >0.05 0.05-0.005 <0.005

1.33 50.2 314 16.7 148 1.9 715 16.6





OPS/images/feart-09-769257/feart-09-769257-g010.gif





OPS/images/feart-09-769257/feart-09-769257-g009.gif
| ] gy

o

_-m--m






OPS/images/feart-09-769257/feart-09-769257-g008.gif
{
o K

-
10





OPS/images/feart-09-769257/feart-09-769257-g007.gif





OPS/images/feart-09-769257/inline_14.gif





OPS/images/feart-10-821735/crossmark.jpg
©

|





OPS/images/feart-10-821735/feart-10-821735-g007.gif
Frequency (F) of N or more fatalitics per year

e

1602

e

e

1E0s

1506

tEos

150

reshotd curvs
[ Unacceprabie

Tntemse
scuriy egion

Nuanber of fatafities(N)





OPS/images/feart-10-821735/feart-10-821735-g008.gif
s

bascment

T

12

tana 06 vana

2,

o

e





OPS/images/feart-10-821735/feart-10-821735-g005.gif





OPS/images/feart-10-821735/feart-10-821735-g006.gif
flow velocity (m's)

low moderate
flow depth

moderate moderate

™






OPS/images/feart-10-821735/feart-10-821735-g003.gif





OPS/images/feart-10-821735/feart-10-821735-g004.gif





OPS/images/feart-10-821735/feart-10-821735-g001.gif





OPS/images/feart-10-821735/feart-10-821735-g002.gif





OPS/images/feart-09-769257/feart-09-769257-g006.gif
A1s0; 8
s 5 e
He A —
: o9
i
Fa
:
R AR

il v st 14%

v v e p
S I AL N T L]
Srardbpiemosi -

c o

Sl T | gn s

= Fitled:y 28~ 92x ] z ‘ [ Fited: 5 < 103 57,4

RIN HR ) = pr

: iu

i "

L [ — N

L S T S
et st eereebnt 56

[






OPS/images/feart-09-769257/feart-09-769257-g005.gif
)

Volumetric water content / mv/m” >

Mot sucton /AP

Conductivity /x10° ms @

W e ae e
PO TR





OPS/images/feart-09-812438/math_3.gif





OPS/images/feart-09-769257/feart-09-769257-g004.gif





OPS/images/feart-09-812438/math_4.gif
@





OPS/images/feart-09-769257/feart-09-769257-g003.gif
LSt ——

st o

[T ———

Tt poe
Tk o B

I

e ofcoesion

i g ot
e e

ek ot o mers o

Fauwions of o ofsoesn, g of T

el e, ank i 2 G

i o oo ok

ki el gt

==

[ Movisoing or experimental data. R sivetuion esuis [ Fiod fekis






OPS/images/feart-09-769257/feart-09-769257-g002.gif
ey

s o
X Ouerine oo






OPS/images/feart-09-769257/feart-09-769257-g001.gif





OPS/images/feart-09-769257/crossmark.jpg
©

|





OPS/images/feart-09-761573/feart-09-761573-t001.jpg
Karst cave types

Unfilled or partially filed
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With other filings
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%
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Measures

Dam
Early warning system

Public education

Dam + public education

Early warning system + public education
Relocation

Tel$

1.35x10°
7.37x10"
9.01x10*
1.44x10°
1.64x10°
4.51x10°

Tel$

2.10x10°
7.13x10"
7.36x10°
2.84x10°
1.45x10°
2.53x10°

Benefit-cost ratio

6.43
1.03
e
5.07
113
178
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Data

DEM

Parameters for FLO-2D
analysis

Hazard analysis
Vulnerabilty

Number of elements at risk
Economic values of elements
at risk

Risk results

Design of measures

Cost of measures
Effectiveness analysis

Uncertainty

low
middle

middle-high
high

low
low

high
middle

low
low-middle

Reason

High-resolution data from airborne Lidar, only standard
inaccuracies
Basic assumptions and limitations of calibration

Insufficient data, qualitative method
Qualitative estimation, insufficient data, no validation

Obained from field survey
Detailed field survey and marketing research on the
price level

Subjectivity on risk reclassification and uncertainty on
vulnerabity

Standard inaccuracies; subjectivity

Standard inaccuracies
Subjectivity; qualtative analysis

Improvement

Parameters calibration using the past event; more laboratory
tests

Quantitative method; more data

Detailed field survey; more laboratory tests; development of
physical models

Risk perception studies, development of models, and
improvement of vulnerabiiity

Detailed field survey

Expert opinions

Development of quantitative models and analysis of past events
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Measure

Early waming
system

Public education

Relocation

Item

Dam construction fee (dam body
and wing wall)

Additional fee

Rainfall monitoring
Infrasonic signal monitoring
Depth monitoring

Video monitoring

Operation cost

Publicity materials
Classes in school

Training lectures to residents

Removement and construction of
new settlement

Content

Digging the pit for the base

Making rebars for the pile
Basement made of ime and earth
Concrete

Mortar

Cement grouted with rubble
Expansion joint for the wing wall
Fiter layer

PVC drainage pipe

Cleaning work

Employment of workers

Project assessment

Survey and detail design
Project management
Supervision fee

Company management

Rainfall gauges, data collection and communication module, racks and
boxes, solar power system, installation, and test
Sensors, data collection and communication module, racks and boxes,

solar power system, installation, and test

Sensors, data collection and communication module, racks and boxes,

solar power system, installation, and test

Intelligent video server, cloud station, shield, optical fiber, power line,

installation, and test

Data collection, check, analysis, equipment repairment, and field survey

Posters, advertisements, broadcasting, guidebook, etc.

Organization and labor costs

Organization and reward of experts

Unit  Number
price/$

15 775 m®
2 5,800 kg
15 60 m®
0 350 m
35 2m?
55 1,900 m®
20 20m°
20 50 m®
5 50m
3 1,000 m°
500 20
0.3%x construction fee

10%x construction fee
5%x construction fee
3%x construction fee
2%x construction fee

2,000 3 sets
7,000 1 set
1,000 1 set

2,500 3 sets.

4,000/ -
year
10 500/year
1000 6hyear
1,000 6

100 25800 m®

Cost/$

11,625

11,600
900
31,500
70
104,500
400
1,000
250
3,000
10,000
525
17,485
8,742
5,245
3,497

6,000
7,000
1,000
7,500

4,000/
year
5,000/
year
6,000/
year
6,000/
year

2530000
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0.0125

Elements at risk

Property

People

Hazard level

High
Middle
Low
High
Middle
Low

Psn

042

09
06
02
06
03
01

Number of elements at
risk

3,775 m
10,460 m*
11,070 m*

24

45

60

E ()

600

7.92 x 10°

Risk (5)

25481
47,070
16,606
59,875
56,133
24,948
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Parameter

Meximum rainfall
Cumulative rainfall
Peak quantity of flow
Unit weight

Value

54.6 mmh
100 mm
53.05 mYs
16.5 kN/m®

Parameter

Manning’s roughness coefficient
Viscosity coefficient

Laminar flow friction coefficient
Bulk concentration

Range

0.15-0.25
190-200 kg/(ms)
2,500-3,500
0.35-0.45

Value

02
196.08 kg/(mss)
3,000
04
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Elements at risk

Private house
Indoor possessions
People

Number in the area with a given intensity of the debris flow

Low-hazard intensity Middle-hazard intensity High-hazard intensity
11,070 m? 10,460 m* 3,800 m*
11,070 m? 10,460 m? 3,800 m?

60 45 24

~400 $/m?
~200 $/m?
7.92x10° $/people
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(g/cm?3) density (g/om3) rate (%)

1.94 1.88 60.8 224 384 16.2 61.3
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Lithology Intact rock Joints

» (kg/m®) K (GPa) G (GPa) kn (GPa/m) ke (GPa/m) ¢ (MPa) %) oy (/MPa)
Sandstone 2,600 2133 17.52 141162 608.05 14.33 31 520
Coal 1,410 4.16 1.62 12.84 50.37 231 12 051
Sandy mudstone 2,410 16.36 9.24 1,053.71 316.27 8.24 23 24
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Stratum
number

1, ®

®, ®;

@ ®r
@, @,

®F, @

@, @

®, @1,
®2 @5

Geotechnical name

Avtificial fil

Silty clay and fully weathered
lamprophyre

Sandy cohesive soll strong weathered
granite, central subzone, strongly
weathered granite porphyry, and
sandy cataclastic rock

Strongly weathered, granite lower
subzone, and massive cataclastic rock

Moderately weathered granite and
moderately weathered granite

porphyry

Lightly weathered granite, lightly
weathered lamprophyre, lightly
weathered granite porphyry and,
granite porphyry

Main engineering
geological features

Plain and miscellaneous fils with a low
degree of compaction have poor sol
uniformity and uneven water
permeabilty, and local sand-
containing components have high
water permeabilty

Itis basically in a plastic or hard plastic
state and generally has poor water
permeabilty and good self-stabilty

Generally in a hard plastic state, the
water permeabilty is good; the
strongly weathered rock layer has the
tendency of disintegration in contact
with water, which is greatly disturbed
by the biasting construction, and the
self-stabilization time is short in the
unsupported state

The rock is soft and light flesh red, with
severely developed weathered
fissures, poor water richness, but
good water permeabity

Light flesh red, local structural joints,
and weathered fissures are well
developed and contain groundwater.
There is significant variation in water
richness and permeability depending
on the degree of fissure development
Light flesh red, hard rock, few joints,
and not abundant groundwater in
fissures

Stable state
after excavation

In the case of water, it is easy to
collapse and deform after excavation;
the surface settlement deformation is
large in general

The self-stabiity is better in the
absence of water, but itis also prone
to collapse in the presence of water,
and it can collapse to the ground
when itis shallow buried

The surrounding rock is quite
susceptible to collapse and deform,
and timely support is needed in case
of water

The surrounding rock is quite
susceptible to collapse and deform if
timely and correct support is not
applied, significant collapse occurs,
and the arch often falls off

Good seff-stabilty, small collapse
may oceur in the absence of support,
and high requirements for blasting
construction control

Strong self-stabilty, can be exposed
for a long time, and the probability of
collapse s low; but the roof with poor
bonding between rock layers is easy
to collapse

Earth and
rock
excavability
classification

Vi

Surrounding
rock
grading

\

vi
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Scope 0-10mm  -20-10mm  -30-20mm  -40-30 mm  -50-40 mm  -60-50 mm  -70-60 mm  -80-70 mm  -90-80 mm

Number 23 34 39 41 47 36 12 9 2
Frequency 0.09 0.14 0.16 0.17 0.19 0.15 0.05 0.04 0.01
Cumulative frequency 0.09 0.23 0.39 0.56 0.75 0.90 095 099 1.00
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176
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T represents the Time as the day: **CT, represents the Cumulative Value in mm.

CT

-48.54
-48.96
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Time o 16 31 45 6 76 o1 111 125 139 154 169 184 198 213 228 243
(Day)

Distance between the right guide hole and pam face ()~ 10~ -2 -13 23 36 -4 51 -66 77 -83 83 83 83 84 0  -100 -108
Distance between left guide hole and paimface () 20 10 -2 -2 -8 20 27 40 50 -5 59 50 50 59 66 77 90
Distance between the middle guide holeandpaimface(m) 58 58 56 56 49 3% 26 26 24 19 19 19 19 19 19 19 6

Cumuiative settiement value (mm) -105 350 -482 -562 -730 -690 -808 -792 -7.94 -993 -1009 -1000 -1046 -1034 -1024 -11.07 -1342
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Serial
number

Station name

Zhongshan Park
Station

Zhanshan
Station

Fushansuo
Station

Station form

Underground two-
storey island station

Underground two-
storey island station

Underground two-
storey island station

Station overview

Zhongshan Park Station is located below Hong Kong
West Road, with Tian Tai Stadium in the south and a
military estabiishment in the north. There heavy a large
traffic flow above the station and low-rise buildings
around the station. The pipeiine below Hong Kong West
Road is complex

Zhanshan Stationis located at the intersection of Yan'an
3rd Road and Hong Kong West Road. To the northwest
ofthe station is the Yuyuan Buiding, with 12 floors onthe
ground and three basement floors underground, closeto
the entrance and exit #1. There is a 4.5 x 1.8 m rainwater
culvert above the central part of the station, which is
about 3.1 m deep at the bottom and about 11 m away
from the station’s vault

Fushansuo Station is located southwest of Nanjing Road
Primary School, between Jiangxi Road and Minjiang
Road, and transfers to the subway line 5 that is planned
for the long term. The station has two air shafts and four
entrances and exits

Structure size
(Lengthxwidth,
m)

1769 x 19.3

2014 x 225

246.4 x 20.6

Excavation
height
(m)

16.2

18.14

155

Arch
buried
depth (m)

10-12

10-13.4

8.9-10.5
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Number

Site name

Zhongshan Park
Station

Zhanshan Station
Fushansuo Station

Arch main
surrounding
rock grade

2

v
\

Construction methods

Open excavation, CRD method, CD method, double-wall guide pit method, step method, arch cover
method, and release siope excavation
Open excavation method, CRD method, CD method, double-wall guide pit method, and step method

Open excavation, CRD method, CD method, double-wall guide pit method, step method, and arch cover
method





OPS/images/feart-10-839242/feart-10-839242-g010.gif





OPS/images/feart-10-839242/feart-10-839242-g011.gif





OPS/images/feart-10-839242/feart-10-839242-g008.gif





OPS/images/feart-10-839242/feart-10-839242-g009.gif





OPS/images/feart-10-839242/feart-10-839242-g006.gif





OPS/images/feart-10-839242/feart-10-839242-g007.gif
Yimed






OPS/images/feart-10-839242/feart-10-839242-g004.gif





OPS/images/feart-10-839242/feart-10-839242-g005.gif
NI T ]





OPS/images/feart-10-839242/feart-10-839242-g002.gif





OPS/images/feart-10-839242/feart-10-839242-g003.gif
NED

it

T






OPS/images/feart-09-834958/math_qu26.gif
075 036 0

1+ 0w 1
05 032 03

st an

asi





OPS/images/feart-09-834958/math_qu24.gif





OPS/images/feart-09-834958/math_qu25.gif





OPS/images/feart-09-834958/math_qu22.gif
1 xsxsx
0 others





OPS/images/feart-09-834958/math_qu23.gif





OPS/images/feart-10-929777/inline_31.gif





OPS/images/feart-09-834958/math_qu20.gif





OPS/images/feart-10-929777/inline_30.gif





OPS/images/feart-09-834958/math_qu21.gif





OPS/images/feart-10-929777/inline_3.gif
04





OPS/images/feart-09-834958/math_qu19.gif
0 XS25 - X
IR 2 -mexex
s (x) = 1 xsxsx,

xp<x<20-x,

x220-%,





OPS/images/feart-10-929777/inline_29.gif





OPS/images/feart-09-834958/math_qu2.gif





OPS/images/feart-10-929777/inline_28.gif
U





OPS/images/feart-10-929777/inline_27.gif





OPS/images/feart-09-834958/math_qu18.gif
o XS2% - X
B 2 -x<xex
() = 1 xsxsx

X <x <2 - x,

X1 <X <2%; - Xe





OPS/images/feart-10-929777/inline_26.gif
U





OPS/images/feart-10-929777/inline_25.gif





OPS/images/feart-10-929777/inline_24.gif
U





OPS/images/feart-10-929777/inline_23.gif





OPS/images/feart-10-929777/inline_22.gif
04





OPS/images/feart-10-929777/inline_21.gif





OPS/images/feart-10-929777/inline_20.gif
04





OPS/images/feart-10-929777/inline_2.gif
CSR = 0,/0,





OPS/images/feart-10-929777/inline_19.gif





OPS/images/feart-10-929777/inline_18.gif
04





OPS/images/feart-10-929777/inline_17.gif
04





OPS/images/feart-10-929777/inline_16.gif





OPS/images/feart-10-929777/inline_15.gif





OPS/images/feart-10-929777/inline_14.gif





OPS/images/feart-10-826661/feart-10-826661-g012.gif





OPS/images/feart-10-826661/feart-10-826661-g010.gif





OPS/images/feart-10-826661/feart-10-826661-g011.gif





OPS/images/feart-10-826661/feart-10-826661-g008.gif





OPS/images/feart-10-826661/feart-10-826661-g009.gif
"0 ok otk Bou 8610 00 1300
I





OPS/images/feart-10-826661/feart-10-826661-g006.gif





OPS/images/feart-10-826661/feart-10-826661-g007.gif
o:sup 108000
c:sup ot o






OPS/images/feart-10-826661/feart-10-826661-g004.gif
A
A e





OPS/images/feart-10-826661/feart-10-826661-g005.gif





OPS/images/feart-10-826661/feart-10-826661-g003.gif





OPS/images/feart-10-826661/feart-10-826661-g001.gif





OPS/images/feart-10-826661/feart-10-826661-g002.gif





OPS/images/feart-09-834958/math_qu9.gif
U, =

14
12
13
13

1514 12
(I RV

2 131





OPS/images/feart-10-826661/crossmark.jpg
©

|





OPS/images/feart-09-834958/math_qu7.gif
2 1 2
2 o121





OPS/images/feart-10-929777/inline_40.gif
EN . .min





OPS/images/feart-09-834958/math_qu8.gif
L
41

”n e
2 12

it

= 14





OPS/images/feart-10-929777/inline_4.gif





OPS/images/feart-09-834958/math_qu5.gif





OPS/images/feart-10-929777/inline_39.gif
EN . max





OPS/images/feart-09-834958/math_qu6.gif





OPS/images/feart-10-929777/inline_38.gif
C1.min





OPS/images/feart-09-834958/math_qu3.gif





OPS/images/feart-10-929777/inline_37.gif
C1.max





OPS/images/feart-09-834958/math_qu4.gif
w = ot





OPS/images/feart-10-929777/inline_36.gif





OPS/images/feart-10-929777/inline_35.gif
Qmax





OPS/images/feart-10-929777/inline_34.gif





OPS/images/feart-10-929777/inline_33.gif





OPS/images/feart-10-929777/inline_32.gif





OPS/images/feart-09-825508/inline_17.gif





OPS/images/feart-09-825508/inline_16.gif





OPS/images/feart-10-942844/math_9.gif
©





OPS/images/feart-10-942844/math_8.gif
(8)





OPS/images/feart-10-942844/math_7.gif
D)= [ =1 -:W[ - (i)‘]





OPS/images/feart-10-942844/math_6.gif
-3 e[ -(3) |

©





OPS/images/feart-10-942844/math_5.gif
©





OPS/images/feart-10-942844/math_4.gif
@





OPS/images/feart-10-942844/math_3.gif
[

L{,Dif (1):s} = £F(s)

L, Dif(1):s)

SPE(s)

o





OPS/images/feart-09-825508/inline_25.gif
PP;_;





OPS/images/feart-10-942844/math_2.gif
@





OPS/images/feart-09-825508/inline_23.gif





OPS/images/feart-10-942844/math_11.gif
PRCANC AN
B0 TR

,zi,iL+ﬁ,(i)'L
B n ) u TR

Lo<a,

Lo>0,

(11)





OPS/images/feart-09-825508/inline_22.gif





OPS/images/feart-10-942844/math_10.gif





OPS/images/feart-09-825508/inline_21.gif





OPS/images/feart-09-825508/inline_20.gif





OPS/images/feart-09-825508/inline_2.gif
- |





OPS/images/feart-09-825508/inline_19.gif
uh
(r,7)





OPS/images/feart-09-825508/inline_18.gif





OPS/images/feart-10-942844/math_1.gif





OPS/images/feart-10-942844/inline_8.gif
C3





OPS/images/feart-10-942844/inline_7.gif
CY





OPS/images/feart-10-942844/inline_6.gif
A





OPS/images/feart-10-942844/inline_5.gif





OPS/images/feart-10-942844/inline_4.gif
J< 0,





OPS/images/feart-10-942844/inline_3.gif





OPS/images/feart-10-942844/inline_2.gif





OPS/images/feart-10-942844/inline_14.gif





OPS/images/feart-10-942844/inline_1.gif





OPS/images/feart-09-825508/inline_39.gif
Vi





OPS/images/feart-09-825508/inline_38.gif
wy ()





OPS/images/feart-09-825508/inline_37.gif
Vi





OPS/images/feart-09-825508/inline_36.gif
wy ()





OPS/images/feart-10-929777/inline_13.gif
04





OPS/images/feart-10-929777/inline_12.gif





OPS/images/feart-10-929777/inline_11.gif





OPS/images/feart-10-929777/inline_10.gif
00





OPS/images/feart-10-929777/inline_1.gif
CSR = 0,4/20,





OPS/images/feart-10-929777/feart-10-929777-t003.jpg
Test
number

-0.112
-0.478
-0.478
-0.124
-0.307
-0.302
-0.220
-0.162
0.017

-1.208
-0.343
-0.902
-0.546

1.017
1.252
1.304
1411
1.043
1.308
1.301
1.024
1.333
1.457
1.231
1.207
1.206

0.502
0.663
0.541
0334
0.737
0.480
0.541
0.348
0.476
0.679
0.755
0.820
0.748

Vi

56.46
30.10
40.25
20.25
58.14
451.91
40.65
129.74
40.23
365.64
113.63
21.65
10.13

V2

400.68
521.35
271.22
34173
420.54
28.97
271.24
41.57
23.64
350.35
2005.13
273.55
1,133.64

hy

0.003
0.007
0011
0.013
0.015
0.013
0.047
0.077
0.148
0.0008
0.0023
0.0044
0.0057

0.0008
0.019
0.022
0.009
0.076
0.005
0.055
0.094
0.185

0.0005

0.0034

0.0023

0.0062

0.997
0.991
0.992
0.994
0.996
0.995
0.993
0.998
0.994
0.990
0.992
0.992
0.995
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Test number

Consolidation confining
pressure o/kPa

100
150
200
250
300
600
200

200
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Time step/s

Time steps
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Parameters

Height of the slope, Hs (m)

Angle of the slope, B, ()

Angle of the joints, 1 ()

Spacing of the joints, t (m)

Density of the intact rock, p (kg/m°)
Elastic modulus of the intact rock, £ (Gpa)
Poisson’s ratio, v

Cohesion of the intact rock, ¢ (MPa)
Friotion angle of the intact rock, ¢ ()
Tensile strength of the intact rock, a; (MPa)
Cohesion of the joints, ¢; (MPa)

Frition angle of the joints, ¢, ()

Normal stifiness of the joints, k, (GPa/m)
Shear stifiness of the joints, ks (GPa/m)

Value

40
63
78
16
2,660
16.06
0.20
0.15
39
22

37
1.064
0.48
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Scale Explanation

g = Factors i and | are equally important

2 =3 Factor i is moderately more important than factor j
8 =5 Factor i is strongly more important than factor j

8 =7 Factor i is highly more important than factor j

aj =9 Factor i is extremely more important than factor j

a;=2,4,6,8  Intermediate values can be used if a compromise between factors
andj is required
o The relative importance of factor j as compared with factor i
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Judgment matrix u Uy Uz Us

Amax 3.0837 4.0104 5.3711 6.0733
CR 0.0517 0.0039 0.0828 0.0116
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Collapse
degree of the

overlying
strata ug

Insufficient

Vertical
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velocity of fault
blocks uss

-05

Pressure relief
degree of the
protective
seam ug;

General

Influence zone
of fault
structure uy,

0.16b

Distance
between the
mining seam and
the upper coal
pillars ug,

130

Mining
depth uz

450

Relation
between the
working face
and the
adjacent
goafs Ug,

One sidewall
mined out

Variation
coefficient of
coal seam
thickness uz,

0.23
Pillar width ugs

45

Fault drop uz

16

Thickness of
the retaining
bottom
coal uge

Uniaxial
compressive
strength of
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15.86
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Grades

Appraising grades of coal burst risk

Influencing factors

Dip angle of the tectonic depression, uy; (o)

Ratio of the tectonic stress to the vertical stress, Uy

Vertical movement velocity of fault blocks, uy3 (mva)
Infiuence zone of fault structure, uss

Mining depth, Uz, (m)

Variation coefficient of coal seam thickness, Uz,

Fault drop, Uz (m)

Uniaxial compressive strength of coal, us (MPa)

Distance between the coal seam and the thick-hard rock strata,
Uzs (M)

Collapse degree of the overlying strata, us;

Pressure relief degree of the protective seam, us,

Distance between the mining seam and the upper coal pillars,
Uss (M)

Relation between the working face and the adjacent goafs, Uz

Pillr width, Uss (m)
Thickness of the retaining bottom coal, Use (M)

No (vq)

<10
<1
[-3,-1)
>b
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Extremely sufficient
Good
>60
Solid coal face
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0

Weak (v,)

10, 30)
113
<3
(0.80, b]
400, 600)
025, 0.4)
10, 30)
(10, 14)
(50, 100]

Relatively suficient
Medium
(30, 60)

One sidewall
mined out
3, 6]

, 1]

Moderate (vo)

30, 45)
(13,2
>1
(0.5b, 0.80]
(600, 800)
(0.4, 0.65)
30, 50)
(14, 20)
(20, 50)

Insufficient
General
(10, 30)

Two sidewalls
mined out
®, 10)

1, 2]

Strong (vs)

245
=2
(1.1
<0.5b
2800
=0.65
250
220
<20

Extremely insufficient
Poor
<10

Three or more sidewalls
mined out
(10, 50)
>2
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Number Mining districts Fault name Fault length/km Properties Horizontal movement
velocity mm/a

1 Kailuan coalfield Tangshan fault 50 Strike-siip normal fault 0024
2 Jingxi coalfield Huangzuang-Gaolying fault 140 Strike-siip normal fault 025

3 Datong coalfield Kouquan fauit 185 Strike-siip normal fault 1.83-36
4 Jingyuan coalfield Haiquan fault 240 Sinistral strike-siip reverse fault 5.19-6.92
5 Shenyang coalfield Yingkou-Tongerbao Fauit >120 Dextral strike-siip fault -

6 Jixi coalfeld Mishan-Dunhua fault 1,000 - -

7 Hegang coalfield Yian-Yitong fault zones 800 - -

8 Yingcheng coalfeld Yian-Yitong fault 800 - -

9 Fuxin coalfield Jinzhou-Fuxin fault 160 - -

10 Fushun coalfield Mishan-Dunhua fault 500 - -

11 Beipiao coalfield Beipiao-Chaoyang fault 180 - -
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Buried depth/m A<t 10<1<13 13<1<20 1220

Total mines Coal burst mines Total mines Coal burst mines Total mines Coal burst mines Total mines Coal burst mines

0-400 3 0 13 0 22 6 3 1
400-600 5 2 12 0 12 9 7 7
600-800 2 2 7 3 1 9 7 k4
2800 2 2 10 7 14 12 0 0
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Samples 50 kPa 100 kPa 200 kPa 400 kPa 800 kPa

¥ c Ye © Ye c Ye c Ye c
CWG A 0.0345 0.6761 0.0443 0.6547 0.0636 0.7059 0.0777 0.7728 0.0858 0.8549
CWG B 0.0256 0.6616 0.0422 0.7163 0.06361 0.7325 0.0751 0.7262 0.0835 0.7952
HWG A 0.0529 0.6601 0.0578 0.6458 0.0911 0.7211 0.0991 08119 0.1183 0.8661

HWG B 0.0235 0.6857 0.0344 0.7038 0.0428 0.7067 0.0557 0.7213 0.0687 0.7771
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31.97
31.76
35.01
5047

0.9534
0.9393
0.9324
0.8991

R?

0.991
0.991
0.998
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N

24.9
24.3
36.6
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Samples Consolidation pressure (kPa) Backpressure (kPa) Effective consolidation pressure

(kPa)
CWG A 150, 200, 300, 400, 500, 600, 700, 800, 900, 1000 100 50, 100, 200, 300, 400, 500, 600, 700, 800, 900
CWG B
HWG A

HWG B
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CWG A
CWG B

HWG A

HWG B

Lee and Coop (1995)
Ng and Chiu (2003)
Yan and Li (2012)
Liu, et dl. (20218)
Liu, et al. (2021b)

G, Specific gravity; p,, Natural dry density; e, Initial void ratio; I, Plasticity index.

Gs

2699
2688
2697
2723

2.61
258
2.60
272

Ppa(kg/em®)

1.644
1.675
1.631
1.786
1.713

145
1.81

0.716
0.670
0.763
0516

1.045

14.7
14.8
13.4
16.4

16.0
15.0
27.9

Classification

Coarse sand
Coarse sand
Coarse sand
Gravelly sand
Gravelly sand
scoL

sc

sc

Location

Lincang
Lincang
Lincang
Lincang
Seoul

Hong Kong
Hong Kong
Shenzhen
Xiamen
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Samples

CWG A
CWG B
HWG A
HWG B

Mass fraction (%)

Gravel-sized Sand-sized
>5mm 2~5mm 1-2 0.5-1
0.4 18.0 89 348
13 16.4 74 376
0.4 203 8.4 37.8
o7 33.7 1.1 348

0.25-0.5

16.1
136
129
9.2

0.1-0.25

8.2
9.0
89
5.4

0.075-0.1

15
16
12
03

<0.075 mm

121
131
10.1
4.8





OPS/images/feart-09-825508/math_54.gif
F; = k) (Ny,— Ny;) min{(r},

(54)





OPS/images/feart-10-946437/feart-10-946437-t001.jpg
Samples

Completely weathered granite A
Completely weathered granite B
Highly weathered granite A
Highly weathered granite B

Abbreviations

CWG A
CWG B
HWG A
HWG B

Depth(m)

17
18
20
22

N value

29
29
45
81

N’ value

249
243
36.6
64.7





OPS/images/feart-09-825508/math_53.gif
Kf = -(N,,—-N,,) |Kimn] + K 1,7 | (N, - N,

(53)





OPS/images/feart-10-946437/feart-10-946437-g015.gif
ewan
cwan

L sy
oy

Vi sicion





OPS/images/feart-09-825508/math_52.gif
B'0,,d0. (52





OPS/images/feart-09-825508/math_51.gif
F:J'“N’bdanIHN'idrwk,[luN’udr 51)





OPS/images/feart-09-825508/math_50.gif
N,

pra.

(50)





OPS/images/feart-09-829203/feart-09-829203-g011.gif





OPS/images/feart-10-941070/feart-10-941070-g003.gif
eft el






OPS/images/feart-09-829203/feart-09-829203-g010.gif
0.1 R=49 | ©'6

ST P YRR P






OPS/images/feart-10-941070/feart-10-941070-g002.gif
nnnnnnn

||||||||

eeeeeeee

8=90°






OPS/images/feart-09-829203/feart-09-829203-g009.gif





OPS/images/feart-10-941070/feart-10-941070-g001.gif





OPS/images/feart-09-829203/feart-09-829203-g008.gif
Mixed Integration Scheme in Newlon Ierations

Srep——

|
|
. —

[Lincor cquationssotver





OPS/images/feart-10-941070/crossmark.jpg
©

|





OPS/images/feart-09-829203/feart-09-829203-g007.gif
28t






OPS/images/feart-10-923358/feart-10-923358-t002.jpg
Test

SLO1
SL02
SLO3
SLO4
SLOS
SLO6
SLo7
SLO8
SL09

Sample description

Natural state
Wetting

Wetting

Wetting

Wetting

Wetting

Wetting

Wetting

Vacuum saturation

Initial state Final state

& pao (g/cm?) Wo (%) S0 (%) e par (g/om®) wy (%) S, (%)
0.992 1.396 7.14 20.01 0.749 1.689 7.08 26.09
0.990 1.397 10.45 29.34 0.694 1.641 9.32 41.34
0.992 1.396 13.91 38.97 0.648 1.687 11.76 59.03
0.993 1.396 18.03 50.08 0.629 1.706 13.16 75.80
0.987 1.399 21.19 59.68 0.624 1.712 17.34 77.25
0.991 1.396 25.10 70.22 0.593 1.745 18.33 85.93
0.993 1.396 28.64 80.17 0.576 1.764 18.84 90.93
0.991 1.396 32.08 89.85 0.568 1.784 18.91 96.20
0.993 1.396 35.02 98.03 0.532 1.816 18.98 99.18





OPS/images/feart-09-829203/feart-09-829203-g006.gif





OPS/images/feart-10-923358/feart-10-923358-t001.jpg
Property

Sample depth: m
Natural water content w: %
Natural degree of saturation S: %
Specific gravity G
Dry unit mass pg: g/om®
Clay fraction (<5 pm): %
Silt fraction (5-75 m): %
Sand fraction (>75 pm): %
Plastic limit w,: %
Liquid limit w: %
Plasticity index /,
Main minerals

Quartz: %

Feldspar: %

Galcite: %

Dolomite: %

Homblende: %

lite: %

Chlorite: %

Others: %

Value

3-4
7.14
20
278
1.396
10.36
80.78
8.86
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Facies zone

Sb (Scar block facies)

SP (Souther Proximal Longitudinal
Hummocks Facies)

NP (Northern Proximal Longitudinal
Hummock Facies)

Cm (Central Mixed Facies)

NC (Northern Central Mixed facies)

SC (Southern Central Mixed facies)

Dh (Distal facies)

Main structures

Ridges
Ridges, hummocks levées,
trenches

Ridges, hummocks levées

Faults; trenches

Ridges, hummocks, faults

Ridges, hummocks, fauits

Hummocks

Description

The surface deposits are mainly mixed with breccias at the bottom of the scar area and the
left slope zone.

Longitudinal ridges up to 940 mlong oriented mostly SSE; the trenches are up to.30 mlong;
the levées are up to 530 mlong; composed of carapace surface facies and internal mixed
phases; flood dike is composed of mixed bas phases

Longitudinal ridges up to 590 m long oriented mostly SSE; mixed block phaseis the primary
internal structure. The levées are up to 530 m long; base phase is the main material
compostion

Located in the central zone of the depost, lack of mounds and ridges, faults up to 150 m, the
faults trend SS; trenches up to 240 m, trenches trend ENE; the largest deposition thickness
developed, mainly composed of base material mixing, lack of surface crustacean facies
Meainly structure consists of ridges, hummocks extending in the direction of SEE and NEE,
and faults in the direction of NEE. Ridges and hummocks are 10-15 m high. It is mainly
composed of local surface layer carapace phase, internal breccia matrix, and basement
mixed phase materials

Dominated by the ridges and hummocks structure extending in the direction of NWW and
NEE. The heights of ridges and hummocks are 5-12 m, and they are mainly composed of
local surface carapace phase and intermal breccia matrix and basement mixed phase
materials

Composed of horizontal ridges and hummocks extending in the SEE direction. Ridges and
hummocks are 3-8 m high and mainly composed of mixed phase materials
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