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Stratified rock masses comprise various rocks with different thicknesses, lithologies, and compositions. They exhibit unique cracking morphology and failure modes when subjected to external loads. Understanding and mastering the fracture morphology and failure laws of stratified rock masses under three-dimensional mechanical conditions is crucial for researching disasters in underground engineering geology. This paper presents a three-dimensional double-layer rock mass model established using the numerical calculation method based on mesoscopic statistical damage mechanics. The model simulates the cracking mode of the rock surface under biaxial tensile conditions. The simulation results are quantified using PCAS software. Crack indexes, such as the number of cracked blocks, average cracked block area, and surface crack rate, are used to evaluate the degree of influence of different factors on the cracking of the rock surface layer. The results indicate that the degree of surface crack development varies linearly with the degree of homogeneity (m). Additionally, the layer thickness ratio (η) is positively correlated with the average fragmentation area, and the two are logarithmic. Regardless of the model scale, the average circumference of each block is approximately equal to the model side length. The model exhibits the highest degree of crack development when the loads in the x and y directions are equal. Moreover, the degree of crack development in the model is also influenced by the loading per step, and the two are proportional.
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1 INTRODUCTION
Sedimentary rocks with layered structures make up two-thirds of the Earth’s surface, and many metamorphic rocks also exhibit layering (Li, 1992). The most easily observable phenomenon of cracking in stratified rock masses is surface fractures. The causes of their formation are varied, and their development mechanism is complex. The fracture and instability of layered rock masses can cause numerous engineering problems. For instance, the coal seam floor of Luotuoshan’s layered structure is fractured, causing water bursts. Similarly, the roof instability of the layered coal pillar group in Majiliang mine, Datong, leads to earthquakes and surface collapse. Additionally, the cracking of the layered rock mass can induce fractures and instability in the surrounding rock of roadways, tunnels, and chambers. For example, in Zhigushan Tunnel in Sichuan province, the vertical layered rock mass tunnel underwent large deformation due to high ground stress (Meng et al., 2013). Similarly, in Gonghe Tunnel of Sichuan-Chongqing Expressway, the bedding of layered rock mass resulted in the formation of vertical deformation and failure zone (Li et al., 2010). In terms of cultural relics protection, surface cracking has a more direct impact on mural cracks and soil site cracking. Using the example of Dunhuang mural painting, changes in air humidity can cause dry shrinkage tensile stress in the ground pillar layer, leading to cracking of the surface mural painting layer (Cordero et al., 2021). This indicates a correlation between mural cracking and the cracking of layered materials. Therefore, studying the phenomenon of cracking on layered rock surfaces and gaining a deep understanding of its characteristics is of great significance for preventing and controlling underground engineering geological disasters and protecting cultural relics.
Currently, scholars both domestically and internationally have conducted extensive theoretical research and laboratory tests on the issue of cracking in layered rock masses. One of the earliest theories on surface cracks of layered materials is the stress shadow theory (Lachenbruch, 1961). The theory suggests that the horizontal stress σx in the layer causes the crack, and the crack spacing should be slightly greater than or equal to the crack height. Hobbs (Hobbs, 1967) proposed a three-layer model of ‘two hard and one soft’ to analyze the crack saturation phenomenon of stratified rock mass for the first time. This stress transfer model enables the study and analysis of the equally spaced fracture phenomena of layered materials. The energy balance theory (Thouless et al., 1992) is a common approach for studying crack spacing in layered materials. According to this theory, crack development requires energy, which is provided by the external load. The theory typically provides a lower limit on the fracture spacing. Nahta R. and Moran B. (Nahta and Moran, 1995). used energy release rate theory and fracture mechanics to calculate planar and axisymmetric surface cracks in a finite domain. It is found that the initiation and spacing of new cracks are affected by external load, geometrical properties of layered materials, elastic modulus of layered materials, and surface fracture toughness of the surface layer. The research results can be considered fundamental to the theoretical basis of surface crack research. Jiang et al. (2011) investigated the two-dimensional surface periodic cracking phenomenon of solids by applying the minimum energy principle and conducting water quenching experiments on high-temperature ceramics. They found that the system’s energy always approaches the minimum to achieve a stable state, resulting in surface cracking. Regarding experimental research, Thouless (1990); Thouless et al. (1992) discovered the phenomenon of parallel, equally spaced cracks in brittle films under tensile force. Rives et al. (1994) simulated the formation of fractures in layered rocks by generating edge cracks in the brittle coating on the base layer. They identified three possible sources of stress for the second group of joints and noted that the combination mode of the two groups of joints would be affected by the initial joint shear strength. Wu and Pollard. (1995) conducted four-point bending experiments on PMMA substrates using brittle coating materials. They described and compared two methods for measuring crack spacing and proposed the concept of crack saturation phenomenon. This phenomenon refers to the tendency of crack spacing to remain constant as the applied strain increases. Zhang and Zhao (2002) conducted experiments to study the tensile residual stress of double-layer materials. They concluded that cracks propagate from the surface layer to the interface of the two-layer materials and terminate at the interface. These studies aim to investigate the regularity of cracking in layered materials and to understand the morphology of cracking in such materials by describing the cracking morphology of solid models. The experiments are often a summary of the crack morphology of a specific solid model due to the complexity of actual model building. The singleness of the model in these studies makes it difficult to study the differences in the cracking of the layered materials with different factors.
The use of numerical simulation technology allows for the study of the impact of various factors on the fracture mode of layered rock by adjusting different parameters. In recent years, numerical simulation methods have been used to study the fracture problem of layered rock mass based on the discontinuous medium theory (Hornig et al., 1996; Jing, 2003; Federl and Prusinkiewicz, 2004; Tang et al., 2017) due to the characteristics of discontinuity and anisotropy of composite rock mass. T. Bai (Bai et al., 2000a) used the finite element program FRANC to simulate the influence of factors such as elastic modulus and prefabricated defect depth on crack growth. They proposed a function for the ratio of crack spacing to the thickness of the cracked layer. Li (Li and Yang, 2007) analyzed the stress between rock layers with ANSYS finite element and found that cracks first formed at the interface of rock layers. Tang (Tang et al., 2008) used the Realistic Failure Process Analysis (RFPA) system to study the phenomenon of equal interval fractures in rock strata. They proposed that the interval fracture phenomenon can be divided into three types: strip interval fractures, network interval fractures, and ring interval fractures. Schopfer (Schopfer et al., 2011) simulated the interval fracture process and analyzed the stress in the fracture process using a two-dimensional discontinuous mechanical model suitable for layered rocks. Chang (Chang et al., 2016) investigated the fracture failure process of cracks in layered rock mass by creating a numerical model of double-layer rock and introducing a cohesive zone model (CZM) between the two layers of rock. The use of numerical simulation has become a crucial tool for comprehending the interaction mechanism between rocks and structures in the fields of rock mechanics and structural mechanics.
So far, although the research on the fracture phenomenon of stratified rock mass has been carried out for several decades, most of it has focused on the homogeneous model. Due to limitations in the stress state analysis method, it has been difficult to analyze the entire process of crack propagation. Furthermore, the majority of existing studies have primarily focused on the phenomenon of crack saturation and have concentrated on the analysis of fracture stress in the weak layer of two-dimensional three-layer materials (Lee and Freund, 1990; Zheng et al., 2014; Jiao et al., 2015; Cong et al., 2021; Cong et al., 2022). Few studies have investigated the development law of surface cracks in double-layer rock mass and the factors influencing surface crack generation and expansion from a three-dimensional perspective. There is a lack of discussion on the crack development state of the physical properties of layered rock itself.
Based on the above description, this paper utilizes numerical simulation based on mesoscopic statistical damage mechanics to investigate the factors influencing rock cracking under three-dimensional conditions. The simulation examines the surface crack morphology of a double-layer rock mass under varying layer thickness, scale, homogeneous degree, loading methods, and single step loading. Quantitative statistics were conducted on the simulated fracture network using PCAS software, based on the number and area of cracks, crack spacing, and other evaluation indexes. The analysis examined the impact of various factors on the development form and degree of surface cracks in layered rock masses. The aim is to provide optimization suggestions for preventing cracks in practical engineering and to establish a theoretical basis for studying the cracking and peeling of cultural heritage such as murals and ancient sites.
2 METHODS
2.1 Introduction to numerical calculation methods
This study utilized the three-dimensional Realistic Failure Process Analysis system, RFPA3D. RFPA3D is a system for analyzing real damage processes based on the finite element method and elastic damage theory (Tang, 1997). By introducing the concepts of mathematical continuity and physical discontinuity, the numerical method is simplified in discontinuous mechanics and fracture mechanics to fully consider the influence of non-uniformity and nonlinear factors. At the micro level, the text adopts the unit elastic brittle fracture criterion and considers material heterogeneity through statistical methods. This transforms the complex nonlinear mechanical problem at the macro level into a simple elastic brittle force problem at the micro level (Zhang et al., 2005). RFPA3D also considers material non-uniformity through statistical methods, with material properties following a Weibull distribution in space (as shown in Figure 1A). The equation of Weibull statistics is as Eq. 1:
[image: image]
[image: Figure 1]FIGURE 1 | Weibull distribution curves and mesoscopic unit constitutive model: (A) Weibull probability distribution curves with same μ0 but different m; (B) Damage constitutive relation of mesoscopic unit.
Where [image: image] is the statistical distribution density of the physical and mechanical properties of the unit; m is the shape parameter of Weibull distribution function; [image: image] is the unit physical and mechanical property parameters of rock materials (including elastic modulus, Poisson’s ratio, strength, density, etc.); [image: image] The average value of [image: image].
Figure 1A shows that the distribution of the elastic modulus of each element becomes more uniform as the m value increases according to the Weibull function distribution. Conversely, the smaller the m value, the more uneven the distribution of the element’s elastic modulus. The shape parameter m of the Weibull distribution function represents the homogeneous degree coefficient of the material, and its size reflects the uniformity of the rock medium (Tang, 1997).
Another important feature of RFPA3D is the analysis of the 3D real fracture process. The failure of rock is primarily caused by crack initiation and expansion due to stress damage to its internal structure (Murti and Valliappan, 1986; Song and Paulino, 2006; Zhang and Wong, 2012; Toolabi et al., 2013; Gao and Ghassemi, 2020). The use of microscopic damage mechanics is an effective approach to studying the weakening of rock’s internal structure. At the microscopic level, rocks are subject to elastic brittleness failure (Chang et al., 2015). The numerical model in Figure 1B uses the elastic damage constitutive relation under uniaxial stress to explain the deformation and failure of mesoscopic elements.
Based on the principles of rock mechanics, elements are defined with positive values for compression and negative values for tension. Initially, the meso-element displays elastic behavior. As the strain (stress) of the element reaches the elastic critical value that the element can withstand, damage begins to accumulate. The maximum tensile strain criterion and Mohr-Coulomb criterion are commonly used to determine the critical value of damage. From a damage mechanics perspective, the constitutive relationship of the damaged material is obtained by considering the damage process and applying the strain equivalence principle, for the maximum tensile strain criteria, based on Eq. 2:
[image: image]
Where E0 is the initial elastic modulus of the material; D is the damage variable. D = 0 represents the state of the material is not damaged, and D = 1 represents the state of the material is completely damaged.
When the tensile stress of the mesoscopic element exceeds the maximum tensile strength of the element, the damage variable is expressed as Eq. 3:
[image: image]
Where [image: image] is the element residual strength coefficient (value range: 0–1), [image: image] = [image: image]/[image: image], [image: image] represents the tensile strength of the mesoscopic element, [image: image] represents the residual strength of the mesoscopic element after damage; [image: image] is the elastic limit tensile strain, that is [image: image] = [image: image]/[image: image] is the elastic modulus of the undamaged element; [image: image] is the maximum tensile strain, when the tensile strain reaches [image: image], the unit completely loses the bearing capacity.
In the three-dimensional state, the equivalent strain [image: image] is used to replace the tensile strain in Eq. 4, which is calculated as follows:
[image: image]
Among them, [image: image], [image: image] and [image: image] are three main strains of the unit. [image: image] is operated as in Eq. 5.
[image: image]
In addition to determining tensile failure, it is also necessary to assess whether the unit has experienced shear failure. It is assumed that the shear damage evolution is only related to the maximum compressive principal strain for the meso-element in the three-dimensional stress state. The damage threshold can be calculated using the Mohr-Coulomb criterion. When the stress value of the element meets the compression-shear criterion of Eq. 6, the element can be considered to have experienced compression-shear failure.
[image: image]
The corresponding damage variable D can be expressed as Eq. 7:
[image: image]
Where [image: image] is the maximum principal strain at the peak compressive principal stress under uniaxial compressive stress state.
For brittle materials, such as rocks, macroscopic tensile failure is more likely to occur than compressive failure. This is also true at the meso scale, so the tensile failure criterion is preferred for the unit failure (Telles and Guimaraes et al., 2000). Therefore, RFPA3D can simulate the progressive failure process of heterogeneous elastic-brittle materials, such as rocks.
2.2 Introduction to the PCAS system
Tang C. S. et al. (2008) researched the process of soil shrinkage cracking and identified key control factors by measuring the cracks. Fracture measurements can be obtained through PCAS analysis of pore and particle digital processing system, which can be used to evaluate the influencing factors of rock surface cracking. PCAS is an efficient and feasible system for quantitative analysis of digital images of rock microstructure based on digital image segmentation and recognition of pores and particles, geometric measurement, and statistical methods (Tang et al., 2011a; Tang et al., 2011b). The system distinguishes pores and particles by different colors, and extracts and analyzes cracks in images after binarization (Liu et al., 2011). The classical seed algorithm (Yu et al., 2010) can be used to identify independent pores and clutter in the image. That is, when there is a block area that is less than the set minimum pore value, the block will be removed as a clutter. After processing by the above digital image recognition technology, geometric parameters such as fragment area and circumference, as well as quantitative statistical parameters such as the fractal dimension of the pore particle system, can be obtained through matrix calculation (Liu et al., 2011; Liu et al., 2013).
The processing diagram of the PCAS system is presented in Figure 2. The system begins by importing surface crack images (Figure 2A). Next, it distinguishes the crack matrix from the crack by using color binarization processing of the imported images and constructs the crack network (Figure 2B). Finally, the system identifies different cracks based on the structure of the fracture network and uses different colors to distinguish them (Figure 2C). Finally, statistical analysis produces crack evolution indices, such as surface crack rate, crack node number, and fractal dimension. These cracking statistics can be used to select appropriate and regular cracking indices to analyze the impact of different factors.
[image: Figure 2]FIGURE 2 | Schematic diagram of crack image processing by PCAS system: (A) Crack image import; (B) Binarization processing; (C) Crack identification and fracture block division and statistics.
2.3 Establishing three-dimensional double-layer plate model and setting key influencing factors
2.3.1 Establishment of three-dimensional double-layer plate model
The surface fracture patterns of layered materials are primarily parallel cracks and network cracks, as demonstrated by natural phenomena and experimental observations. For instance, rocks in Earth’s crust exhibit evenly spaced cracking (Gross, 1993), while soil displays mesh cracking (Sherard, 1975; Bronswijk et al., 1995). To reduce the influence of the interlayer, and approach reality more closely, a double-layer composite plate model was selected (Helgeson and Aydin, 1991). The top layer represents the fracture layer, while the bottom layer represents the base layer. This approach is based on the theory of composite materials mechanics (Hobbiebrunken et al., 2006; Koyanagi et al., 2014; Mortell et al., 2014). When the surface crack is reproduced in 3D in RFPA3D (Ding et al., 2014), it is important to control the occurrence of cracks in the surface layer and limit them in the base layer. To achieve this, the surface layer has a lower homogeneity degree compared to the bottom layer, while the strength and Young’s modulus of the base layer are several times higher than those of the bottom layer. Under the same load conditions, the surface layer will experience greater tensile stress, causing it to break preferentially. The material parameters for each layer are listed in Table 1.
TABLE 1 | Material mechanics model parameters.
[image: Table 1]The base model has a basic thickness (T) of 15 mm and a surface thickness (t) of 5 mm. To ensure accurate calculations, the plate model’s side length is selected as 200 mm, matching the number of software elements with the length. The model is divided into 800,000 (200×200×20) 8-nodal hexahedral elements, each composed of small cubes of 1 mm. Simulations are carried out under quasi-static loading conditions with constant displacement increment, where λ is defined as the loading ratio of displacement increment in the y direction to that in the x direction (λ = Δy/Δx). In addition to the influence of loading ratio of direction on surface cracks, the loading ratio λ = 1 is used in the basic models. According to the previous simulation results, when the displacement increment of loading per step is set to Δx = Δy = 0.003mm/step and the total loading step is 40, the mesh crack development pattern is the best, and the above loading values are used for simulation. The model’s structure and boundary conditions are illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Dimensions and boundary conditions of a double-layer plate model.
2.3.2 Setting impact factors
The results suggest that several factors influence the development of surface fractures in stratified rock masses, including the homogeneous degree, thickness of fracture layers, model scale, loading ratio of direction, and loading per step. Among them, the homogeneous degree, fracture layer thickness and model scale are the parameters of rock mass itself. The homogeneous degree m represents the disorder of the primitive distribution. Due to the varying elastic modulus of each microelement, their deformation sequence differs. The microelement with the lowest elastic threshold undergoes phase transition first, causing a decrease in the elastic modulus of the corresponding element. This, in turn, leads to the surrounding elements sharing the external load, resulting in a secondary stress distribution. The homogeneous degree of rock influences the development of rock damage, especially for stratified rock with differences between the upper and lower layers. Therefore, homogeneity is selected as a factor and m = 4, m = 8, m = 12 and m = 16 are taken.
Several studies indicated a functional relationship between the ratio of fracture spacing and fracture layer thickness (Bai et al., 2000b). The crack spacing is defined as the vertical distance between two adjacent cracks within the same cluster of cracks and serves as a fundamental physical parameter for characterizing cracking. The data from over 4,000 fracture spacing measurements in 11 outcrop profiles of layered sedimentary rocks in the western Sichuan foreland basin, Ordos basin, and Kuqa foreland basin indicate that fracture spacing is proportional to the thickness of fractured rocks, with a ratio mainly distributed between 0.1 and 10. This suggests that the impact of fracture layer thickness on surface cracking cannot be disregarded. Based on the basic model, the thickness of the base layer T = 15 mm is kept unchanged. Four different fracture layer thickness models of t = 5 mm, t = 10 mm, t = 15 mm, and t = 30 mm are established to investigate the impact of the fracture layer thickness.
When studying the strength of materials, it is important to consider the size effect. This effect refers to the fact that smaller materials have a lower probability of defects, resulting in higher strength. It is crucial to acknowledge the size effect, especially for heterogeneous materials. The rock mass contains micro-cracks, voids, and joints, and its material organization is non-uniform and non-continuous. Considering the existence of the size effect, it is evident that the model size also affects the fracture of layered rock. To study the comprehensive deformation of layered composite rock mass, it is necessary to increase the loading size (Zhou et al., 2004). Therefore, a minimum side length of w = 80 mm was selected. The maximum side length is set at w = 300 mm due to numerical calculation limitations. The transition is set at w = 150 mm. Table 2 shows the model parameters considering these influencing factors.
TABLE 2 | Adjustment of influence factors.
[image: Table 2]Loading ratio of direction and loading per step are external factors influencing the loading conditions. Changes in the loading mode can result in various complex alterations in the force distribution, based on previous research (Olson, 2004; Li and Wong, 2012), continuous transformation of crack morphology primarily depends on variations in principal stress ratio (λ = σ2/σ1), which is manifested through changes in loading loads applied from different directions within rock masses during practical engineering applications. Sometimes crack propagation in a particular direction needs to be controlled in some engineering. Therefore, this study investigates how rock cracking is influenced by the loading ratio of direction or rather by the ratio of total displacement increments along y and x directions (λ = Δy/Δx). During simulation, a constant total displacement Δx of 0.012 mm is maintained for all steps while Δy varies as follows: 0 mm, 0.012 mm, and 0.024 mm respectively. The loading per step represents the speed of loading in engineering. In the actual construction process, some parts of the rock mass will inevitably be subjected to tensile action, such as the top rock mass bottom and eccentric compression to support the tensile side of the coal pillar during tunnel excavation. Too fast excavation of rock mass, or too fast change of overlying load, will affect rock mass cracking. Therefore, we choose the loading per step as an external loading factor in the study of rock cracking. Based on the basic model, the total loading capacity is guaranteed to remain unchanged. The loading per step is set as Δx = Δy = 0.003mm/step (40 steps), Δx = Δy = 0.006mm/step (20 steps) and Δx = Δy = 0.01mm/step (12 steps) respectively. The specific loading scheme is shown in Table 3.
TABLE 3 | Numerical simulation scheme for different loading ratios of direction.
[image: Table 3]3 PROCESSING AND ANALYSIS OF CRACKING SIMULATION RESULTS
3.1 Processing and analysis of homogeneous degree simulation results
RFPA3D simulated the crack phenomenon of the three-dimensional double-layer flat plate model under bidirectional tension. PCAS quantized the results and produced a fracture comparison diagram for the model with four different homogeneous degrees m, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Simulation results and quantization processing diagram of different fracture layer homogeneous degree m models: (A) m = 4; (B) m = 8; (C) m = 12; (D) m = 16.
Figure 4 shows that mesh cracks are generated in all four models under bidirectional equal incremental tensile loads, regardless of the homogeneous degree. As the homogeneous degree increases, the shape of the mesh crack becomes closer to a regular polygon. The number of polygon cracks and the fracture degree of the model surface layer increase with the homogeneous degree of the layer rock. Furthermore, as the homogeneous degree increases, the crack area of the model decreases, while the areas of different crack sizes become more equal and the spacing between cracks decreases. This indicates that higher homogeneity results in more uniform surface cracking, denser crack distribution, and more severe cracking.
3.2 Processing and analysis of layer thickness simulation results
Simulation results were obtained by varying the thickness of the model’s surface fracture layer under a specific total loading condition. The results are presented in Figure 5.
[image: Figure 5]FIGURE 5 | Simulation results and quantization processing diagram of different fracture layer thickness t plane models: (A) t = 5mm; (B) t = 10mm; (C) t = 15mm; (D) t = 30 mm.
Figure 5 shows a significant change in the development of surface cracks with the thickness of the broken layer. As the thickness of the fracture layer increases, the number of surface cracks decreases and the spacing of cracks increases. This is in line with the understanding that the spacing of cracks in layered materials is typically positively correlated with the thickness of the broken layer (Mandal et al., 1994). Furthermore, it was observed that the number of surface cracks and fractures decreased significantly when the thickness of the fracture layer increased from t = 5 mm to t = 10 mm. As the layer thickness decreased, the impact of layer thickness on crack growth stabilized. Section 4.2 details the critical layer thickness ratio that affects cracking.
3.3 Processing and analysis of scale simulation results
Three-dimensional double-layer flat models of varying sizes were simulated based on Table 2. The surface crack morphology and treatment results for each model are presented in Figure 6.
[image: Figure 6]FIGURE 6 | Simulation results and quantization processing diagram of different sizes w models: (A) w = 80 mm; (B) w = 150 mm; (C) w = 300 mm; (D) w = 300 mm model is broken when it reaches crack saturation.
Observing the simulated crack network, it is evident that the interior of all three models, despite their different sizes, contain network cracks. However, due to the influence of the plane finite boundary, the crack development is limited by four boundaries and cannot form a complete region. Furthermore, the fracture layer’s lack of homogeneity results in not all models exhibiting crack saturation, and the cracks are not entirely connected. When the plate model w = 300 mm is stretched further, it is difficult to form a new crack under continuous loading when the opening crack is through. At this time, the model reaches the crack saturation state, as shown in Figure 6D. Based on Figure 6, the maximum crack area of models with different sizes tends to increase, while the minimum crack area enclosed by surface cracks of each size model remains nearly equal within the allowable error range. As the size w of the plate model decreases, the crack growth rate accelerates, leading to more instances of crack initiation, propagation, penetration, and interlayer stripping. In the plate model with a width of w = 300 mm, there is almost no interlayer cracking. However, in the simulation results with a width of w = 80 mm, interlayer peeling cracks can be observed. The simulation results show that the degree of crack development decreases as the size of the plate model increases.
3.4 Processing and analysis of different loading ratios of direction simulation results
The simulation results of the plate model with different loading ratios of direction in Figure 7 show that parallel equally spaced cracks occur in the model under x-unidirectional loading, and network cracks occur in the model under λ = Δy/Δx = 1 and λ = Δy/Δ x = 2 tensile conditions.
[image: Figure 7]FIGURE 7 | Simulation results and quantitative processing diagram of different loading ratios of direction models: (A) x unidirectional loading; (B) x/y bidirectional equal loading; (C) x/y bidirectional unequal loading.
Upon comparing the simulation results of λ = 1 and λ = 2 models, it is evident that the crack development pattern and crack block size distribution are similar. In λ = 2, the total loading in y direction is doubled compared with that in λ = 1, so the number of x-direction cracks in the vertical y direction is significantly increased. The number of cracks loaded along y direction is basically the same as the simulation result of λ = 1. It is worth noting that no matter how the loading load changes in the y loading ratio of direction because the loading load in the x direction remains unchanged, the maximum crack spacing in the x direction remains unchanged in the simulation results of the three models, all of which are 81.5 cm. Additionally, the vertical cracks in the x direction appear in the same position and are not affected by changes in the loading load in the y direction.
3.5 Processing and analysis of simulation results of loading per step
RFPA3D simulated the cracking state of a three-dimensional double-layer flat model using three different increments per step, as shown in Table 2. The simulation results are presented in Figures 8A–C, with increments ranging from small to large. The Figure 8 shows that, in the case of final equal stretching, the cracks on the surface of the model become denser as the increment at each step increases. As each step is incremented, the number of split blocks increases and the area decreases. Additionally, small split blocks appear in both models with large and small increments. The increase in the number of cracks is caused by the further penetration of cracks in large cracks due to the increase in increments per step. The study indicates that the minimum fracture spacing does not always appear simultaneously with fracture saturation, the minimum fracture spacing can occur before the fracture saturation. Therefore, the increment of each step does not affect the minimum crack spacing, but only accelerates the crack expansion speed.
[image: Figure 8]FIGURE 8 | Simulation results and quantization processing diagram of different loading per step models: (A) Δx = Δy = 0.003 mm/step, 40steps; (B) Δx = Δy = 0.006 mm/step, 20steps; (C) Δx = Δy = 0.01 mm/step, 12steps.
4 CRACKING INDICATOR ANALYSIS OF SIMULATION RESULTS
4.1 Impact of homogeneous degree cracking
To calculate the number of polygonal cracks and their average area while eliminating the influence of model scale, we divided the obtained average crack area by the model surface area. This resulted in the standardized average polygonal crack area, a dimensionless parameter ranging from 0 to 1, which we denote as the normalized average crack area (Ma et al., 2021). Figure 9A displays the changes in two crack evaluation indices: the number of cracked blocks and the normalized average cracked block area, as a function of the mean degree m of the fractured layer.
[image: Figure 9]FIGURE 9 | Effect of fracture layer homogeneous degree m: (A) Effect on the number and normalized mean fracture area; (B) Effect on fracture development degree under bidirectional tensile conditions.
Figure 9A shows a linear increase in the number of cracks with an increase in the homogeneous degree of the fracture layer. Thus, a good linear relationship exists between the number of cracks and the homogeneous degree 'm' of the double slab rock mass under the condition of bidirectional equal stretching and a total increment of 0.120 mm. The statistical analysis yielded the following linear fitting function relationship, specific function expressions such as Eq. 8:
[image: image]
Where [image: image] is the number of cracked blocks and [image: image] is the value of homogeneous degree.
The sum of squares for the linear fitting residuals is 2.7, the coefficient of determination (R2) is 0.99548, and the adjusted R2 is 0.99321. These values indicate that the model is not overfitting. The linear relationship between the uniformity of the rock mass and the number of fractures is nearly complete positive correlation, which lends support to the conclusion that the two changes are proportional. When the homogeneous degree m = 0, the number of cracked blocks is 28. This suggests that even if the surface rock mass is very uneven, it will still crack due to stress. Currently, the number of cracked blocks has a minimum value based on the homogeneous degree, which is influenced by other factors such as loading amount. Additionally, the number of cracks increases significantly with the mean degree, suggesting that higher homogeneous degree tend to connect cracks to form a network rather than expanding the width or forming open cracks. From a stress transfer perspective, there exists a transition region between different phases. Within this region, mechanical properties differ, and the strength and distribution of components change. As the homogeneous degree increases, the properties of the primitive become closer and stress transfer becomes more uniform, reducing the likelihood of stress concentration caused by frequent conversion and transfer of strong and weak primitives. However, the development of surface cracks increases with the homogeneous degree, while interlayer cracks do not progress further.
The presence of cracks indicates that the rock mass has undergone cracking. Relevant statistics, such as the number of cracks, average crack width, and surface crack rate, should be considered as evaluation indexes for cracks. Figure 9B illustrates the variation of these indexes with the homogeneous degree. Fracture density and surface fracture rate are indicators of fracture development, both of which increase with the homogeneous degree (m). This suggests that higher homogeneity leads to greater fracture development. The linear density of fractures and the average fracture width are approximately parallel, indicating that the effect of the homogeneous degree on crack width expansion is similar to its effect on crack number increase. As the homogeneous degree increases to 8, the linear density and average crack width of surface cracks increase linearly with the increase of the homogeneous degree m. Specifically, the linear density of fractures and the average fracture width double with every increase of 4 degrees of homogeneity. It was observed that the proportion coefficient between them and the homogeneous degree is approximately k = 0.065.
For fractal dimension of fracture (Lung and Wang, 2000; Huang et al., 2022), there is no clear limit that m = 8. The relationship between the fractal dimension of fracture and the homogeneous degree m is significant. The fractal dimension increases with an increase in m, indicating a positive correlation between spatial complexity and the homogeneous degree of the crack structure. The complexity of surface cracking in layered rock mass is directly determined by the degree of homogeneity, regardless of loading and other factors.
4.2 Impact of layer thickness cracking
To assess the impact of surface failure layer thickness on surface crack development, we calculated the number of polygonal crack blocks (N) and the corresponding normalized average crack block area (Sf) for various layer thickness models under tensile load.
Figure 10A illustrates the relationship between the ratio of surface layer to base layer, referred to as the layer thickness ratio (η), the number of cracks (N), and the area of cracks (Sf). The results indicate that when η is 2, the normalized average fragmentation area (Sf) is 10 times greater than when η is 0.33. The relationship between Sf and the layer thickness ratio is logarithmic. As the layer thickness ratio increases, the number of cracks also increases. Consequently, the average area enclosed by the cracks decreases. With the increase of layer thickness ratio η, the number of polygonal cracks decreases gradually, and the crack spacing increases. This is consistent with the phenomenon of crack saturation. With the increase of layer thickness, the fracture spacing increases and the number of cracks decreases. In particular, when η increases from 0.33 to 0.67, the number of polygon cracks decreases most obviously. Correspondingly, the mean fragmentation area increases with the increase of η. It is observed that the critical value of layer thickness influence is about η = 0.67. When η is less than 0.67, the layer thickness ratio has a significant effect on the surface fragmentation density. When η is greater than 0.67, the curve tends to be smooth, and the influence of layer thickness decreases continuously.
[image: Figure 10]FIGURE 10 | Effect of fracture layer thickness: (A) Effect on the number and average area of polygon cracks; (B) Effect on fracture number and normalized mean fracture width.
Figure 10B shows the statistical results of physical quantities related to cracks in layered rock mass under tensile load. The pattern is similar to that of reticular fissures; as the layer thickness ratio η increases, the number of cracks gradually decreases. Additionally, the crack width and surface crack rate decrease with the increase of layer thickness ratio η. When the layer thickness ratio η is less than 0.67, the surface crack rate decreases significantly with an increase in layer thickness ratio. The layer thickness ratio also has a great influence on the number of fractures and the normalized average fracture width. However, when η is greater than 0.67, the surface crack rate remains unchanged with a change in layer thickness. The correlation between the number of cracks and the normalized crack width and layer thickness is roughly linear, but the slope is lower than before η = 0.67. It is reasonable to assume that there is a critical value of layer thickness ratio that affects fracture development, and this critical value is close to η = 0.67.
4.3 Impact of scale cracking
To avoid the fixed cracking index difference caused by the size itself, the number of cracked blocks can be divided by the corresponding model area to obtain the number of cracked blocks in the unit area N, in units/mm2. Use N as an index to compare the variation of cracked blocks in different scales and summarize the trend of cracked blocks per unit area. For the independent variable of the model’s side length, we can divide the side length (w) by the surface failure layer thickness (t) to obtain the failure layer thickness ratio (W). This eliminates the unit effect and allows for a more accurate analysis. The values of W and w change proportionally, so subsequent analysis is not affected. The model’s side lengths of w = 80 mm, w = 150 mm, and w = 300 mm correspond to W values of W = 16, W = 30, and W = 60, respectively. Figure 11A illustrates the relationship between the number of cracked blocks (N), the average area per unit area (Sf), and the plane size, as well as the ratio of the cracked layer thickness to W.
[image: Figure 11]FIGURE 11 | Effect of different plane size and failure layer thickness ratio W on cracking: (A) Effect on cracking block; (B) Effect on fractures.
Figure 11A shows that as the plane scale increases, the number of cracked blocks per unit area (N) decreases, and the average area of the cracked blocks increases accordingly. To determine the plane size (W), double the different dimensions in turn starting from the minimum model size of W = 16. The middle plane size should be doubled to W = 32. However, due to the excessive number of units in the modeling process, it is not feasible to perform calculations. Therefore, the second model, W, is set to 30. Based on this observation, it is found that the average number of cracked blocks decreases by about half as the size increases. When W is increased from 30 to 60, the plane size is doubled, the number of cracks is also doubled, and the corresponding average crack area increases in a functional relationship. The trend of average fragmentation area becomes more apparent with the increase of W, and the degree of increase is also greater.
Figure 11B illustrates the correlation between the ratio W of various plane dimensions to the thickness of the failure layer and the corresponding surface crack rate and average crack block circumference. It has been observed that the rate of surface cracking decreases as the plane size and the ratio of fracture layer thickness to W increase. This indicates that, under equal stretching conditions, larger rock scales result in slower fracture development and a decrease in the degree of fracture development as the rock scale expands. Figure 11A concludes that as the number of polygonal cracks decreases, the corresponding crack block area and average crack block circumference increase. This speculation is confirmed by the growth trend of the average crack block circumference in Figure 11B. As shown in Figure 11A, the number of cracked blocks decreases as the scale increases. Therefore, the growth trend of the circumference should slow down. However, in Figure 11B, the change in circumference increases despite the decrease in the number of cracked blocks. The influence of scale cannot be ignored. Therefore, we introduce the concept of relative mean fragment circumference. This dimensionless parameter is obtained by dividing the mean fragment circumference by the model side length. When the ratio W of model side length to fracture layer thickness is equal to 16, 30, and 60, the relative fracture block circumference is 0.89, 0.8, 0.98. It is observed to have a constant value and the magnitude equal to 1.
When rock is subjected to stress, it can develop internal micro-cracks that cause the reflection of elastic waves, known as Acoustic Emission (AE). The frequency of AE events can indicate rock fracture. Figure 12 illustrates the relationship between bidirectional tensile displacement (ux and uy) for various plane sizes and the number of AE events or broken units. Figure 12 shows that as the surface cracks do not reach saturation state, the load of the peak acoustic emission quantity increases as the plane size increases relative to the thickness W of the fracture layer. This indicates that the larger the surface size, the more difficult it is to crack. Further observation reveals that when subjected to bidirectional equal incremental stretching, the peaks of AE quantity reached by different sized models are approximately doubled with the ratio W of plane size to fracture layer thickness. As W increases from 16 to 30 by less than one time, the degree of reduction of the peak number of acoustic emission increases. It has been observed that there is a linear positive relationship between the size of the model and the energy released during rupture. Additionally, the loading ux and uy corresponding to the peak value are distributed approximately in the x and y directions of 0.02 mm, 0.04 mm, and 0.08 mm, and the double expansion is consistent with the scale expansion. The results indicate that the relationship between the load and the peak of acoustic emission quantity is not affected by the size of the model. In other words, cracking will occur when the loading amount reaches a certain value, regardless of the model’s size. The only difference lies in the degree of cracking.
[image: Figure 12]FIGURE 12 | Acoustic emission maps corresponding to different plane sizes.
4.4 Impact of cracking on loading ratio of direction
To discuss the distribution of cracks on models with different loading ratios of direction, we can use fractal dimension to calculate the mesh crack network. This paper selects the box-counting method (Baer et al., 2009; Lomeling et al., 2016) to calculate polygonal mesh cracks. The method is as Eqs 9, 10:
[image: image]
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Where r is the side length of the grid divided by the box method, N is the number of networks needed to cover cracks, and d is the fractal dimension. The double-log graph of logN-logr was created by fitting the values of the mesh side length r and the required mesh number N of the surface mesh crack network simulated by the PCAS system statistical model with different loading ratios of direction (Figure 13). The fractal dimension value of the model with different loading ratios of direction can be found in the fitting curve expression in the Figure 13, which is determined by the absolute value of the slope of the fitted line.
[image: Figure 13]FIGURE 13 | Fractal dimension of crack mesh corresponding to different loading ratios of direction.
Based on the results presented in Figure 14, it can be observed that surface crack networks obtained by plane models with different loading ratios of direction exhibit clear fractal characteristics. The fractal dimension (d) for the three loading modes, namely, λ = 0, λ = 1, and λ = 2, are 1.527, 1.569, and 1.581, respectively. The fractal dimension is affected by the loading ratio of direction, whether it is unidirectional or bidirectional. The fractal dimension remains consistent regardless of bidirectional equal variable loading or bidirectional unequal variable loading. The results indicate that the distribution of surface mesh cracks is statistically similar between the two models. This suggests that the distribution of polygonal blocks surrounded by cracks is also similar.
[image: Figure 14]FIGURE 14 | Effect of loading ratio of direction on fracture development is as follows: (A) fractal dimension of fracture mesh and average fracture width; (B) Crack related quantity statistics.
Figure 14A illustrates the impact of loading ratio of direction on the fractal dimension and average crack width of the fracture grid. The results indicate that when the loading ratio of direction is not equal to zero, the crack width remains relatively constant. The mean crack width is observed to be larger under λ = Δy/Δx = 1 than under λ = 0 and λ = 2. Although λ = 2 results in a doubling of the total tensile amount in the y direction compared with λ = 1, it only affects the increase in the number of cracks in the vertical y direction and has little effect on the width of cracks. This indicates that the expansion of crack width is not significantly correlated with the loading amount prior to crack saturation. In contrast, the directional loading ratio exerts a primary influence. The mean crack width of bidirectional loading is greater than that of non-uniform loading. When the loading in the x and y directions is λ = 1, the fracture width expands more readily, and the fracture layer reaches saturation more rapidly.
Figure 14B illustrates the correlation between fracture number Nf, fracture crossover node number n, and surface fracture rate under varying directional loading ratios. The number of cracks increases in proportion to the loading ratio in the corresponding direction. Nevertheless, the gradual increase in the number of fracture crossover nodes indicates that the development of fractures is not well connected to form a network. When a constant load is maintained in a single direction, the number of cracks increases only in the direction of increasing vertical load, while the other direction remains relatively unchanged. When unidirectional loading is transformed into bidirectional loading, the surface crack rate undergoes a profound alteration. Moreover, the impact of augmenting a specific load on the surface crack rate is not discernible.
4.5 Impact of cracking on loading per step
The statistical analysis quantified the results, including the number of cracks, average crack area, number of cracks, and surface crack rate, which are presented in Figure 15. Figures 15A, B show the changes in crack block-related statistics and crack-related statistics with the change in loading per step.
[image: Figure 15]FIGURE 15 | Effect of loading per step on cracking: (A) Effect on cracking development; (B) Effect on fracture development; (C) Effect on average crack width and fractal dimension.
Upon observation of Figure 15A, it is evident that the number of cracked blocks gradually increases with each step, while the corresponding average cracked block area decreases. This is due to the relationship between the elastic modulus of an object and the rate of deformation (Bao et al., 2005). The molecular structure of the stretched region undergoes changes as the tensile deformation of the object increases, resulting in a decrease in Young’s modulus. When the total tensile amount is constant, a lower Young’s modulus requires less stress for the rock mass to experience the same strain. This leads to faster transformation between the elementary elements and makes the rock mass more susceptible to cracking. Furthermore, it is evident from Figure 15A that the impact of each incremental step on the surface crack intensifies as the step size increases. Specifically, when comparing 0.006mm/step to 0.01mm/step with 0.003mm/step to 0.006mm/step, there is a noticeable increase in the degree of variation of the relevant fragmentation statistics.
Figure 15B presents statistical information on fracture-related evaluation indicators. The number of cracks increases linearly with loading per step increase, and the surface crack rate is more sensitive to load changes. Specifically, when the loading per step increases from 0.006mm/step to 0.01mm/step, the surface crack rate increment is about eight times greater than when the loading per step increases from 0.003mm/step to 0.006mm/step. The surface crack rate is a valuable indicator for assessing the extent of fracture development. It suggests that larger increments in each step facilitate the expansion of cracks. In other words, longer stretching intervals increase the probability of surface cracks.
Based on Figure 15C, the surface-saturated crack network of the plane model exhibits clear fractal characteristics under different loading conditions. The fractal dimension increases continuously with loading per step. This suggests that the complexity of the crack network increases with higher loading per step, even under the same total bidirectional tensile increment. Compared to the small incremental per step model, the large incremental per step model is more likely to cause the rock surface to reach a state of fracture saturation. Additionally, when the crack spacing reaches its limit value, the number of cracks will no longer increase with the monotonically decreasing thickness of the fracture layer. Instead, the strain increases by expanding the crack width. However, according to Figure 15C, the expansion of the average crack width does not occur solely after the crack reaches saturation. Instead, the average fracture width increases as loading per step decreases during fracture development. The relationship between the average crack width and fractal dimension of the model and the loading per step is noteworthy. The two exhibit a good linear relationship, but their change laws are opposite. Additionally, the slope of the linear fitting is inverse to each other.
5 DISCUSSION
At present, research on layered rock cracking primarily focuses on interpreting and analyzing field observations of cracks, as well as analyzing the characteristics and formation rules of these cracks. Some researchers have also conducted numerical simulations of crack propagation, but these simulations are mostly based on uniform materials, which differ greatly from actual rock masses. Physical properties of layered rock are rarely considered in these simulations. Currently, there is limited research on the complete process of crack propagation and its influencing factors in the construction of non-uniform layered rock masses through numerical simulation. Additionally, research on the impact of physical properties of rock masses on the cracking phenomenon of layered rock masses is not comprehensive.
The results show that the physical properties of the rock, such as the homogeneous degree, fracture layer thickness, and rock size, all affect the cracking of the layer surface. There is a close relationship between homogeneous degree and fracture mode, whether from the perspective of microscopic damage or macroscopic cracking. The common rock homogeneous degree is between two and 8. In order to facilitate the study of fracture development based on close engineering practice, the initial fracture layer homogeneous degree is 4. It is found that with the increase of homogeneous degree, the number of cracks increases, and the cracks tend to connect to form a network, but high homogeneous degree does not affect the development of interlayer cracks. Therefore, the layered rock with low homogeneous degree should be selected as much as possible for engineering with appearance requirements. Further observation of fracture-related evaluation indices shows that the linear density and average fracture width of fractures double with each increase of four of homogeneous degree, indicating that there is a linear relationship between fracture development and homogeneity degree. Statistical calculation shows that the proportional coefficients of fracture linear density, average fracture width and homogeneous degree are all k = 0.065. It can be concluded that the degree of homogeneity directly determines the complexity of surface cracking of stratified rock without considering the factors such as loading.
The influence of layer thickness on cracking has always been a focus of rock cracking research. In practical engineering, layered rock is often encountered, and the thickness of each layer is often different. Therefore, the concept of layer thickness ratio η (η = t/T) is considered to make the study more practical. The results show that the layer thickness not only has a significant control effect on the fracture spacing, but also the normalized mean fracture block area Sf has a logarithmic relationship with the layer thickness ratio. When η is larger than the critical value, the surface crack rate is no longer affected by the fracture layer thickness when the surface crack is saturated, which means that the fracture saturation phenomenon does not change with the increase or decrease of the fracture layer thickness. The threshold value is about 0.67. Therefore, when the layer thickness is relatively large, the fracture layer thickness can be considered as a secondary factor in the control of engineering cracking.
In order to compare the model with the actual engineering size, the effect of the model size on the cracking of the layered rock surface is studied. The simulation results show that as the size of the model increases, the area of the mesh fragment increases accordingly. On the contrary, when the size of the slab model is reduced, the area of the polygonal crack block area is also reduced, and there is no constant crack area, the cracks are difficult to develop completely in the small-sized slab model, and the polygonal crack block cannot be enclosed. This shows that the area size of the cracked block is adjusted in a certain proportion according to the law of size change. In particular, it is observed that the average block perimeter does not change with the change in the plane size. This shows that within a certain error range, the mean partition perimeter is equal to the model side length, and this equality relationship does not change with the change in scale. In engineering practice, this equality relationship can be considered to achieve the optimal crack state of the rock to control crack development.
External loading is another important factor affecting rock cracking. The direction of loading has an important effect on the crack morphology. Under unidirectional loading, equally spaced strip cracks will appear, while under bidirectional loading, network cracks will appear. Further study of the influence of different loading ratios of direction on cracks can help us to better design the structural loading scheme. It is observed that when the total tensile amount of λ = 2 along the y-direction is doubled, the number of cracks in the vertical y-direction increases but has little effect on the crack width. This indicates that before crack saturation, the crack width expansion has little relationship with the load amount and is mainly influenced by the loading ratio of direction. It is shown that the average crack width under bidirectional symmetrical load is larger than that under unsymmetrical load. Therefore, symmetrical loading should be avoided in practical engineering.
For loading per step, we can consider its influence on the surface cracking of layered rock from the tensile velocity point of view. The simulation results show that the increment of loading per step affects the penetration of surface cracks in layered rock. This is because the Young’s modulus is affected by the tensile velocity. The faster the tensile deformation of the object, the more changes will occur in the molecular structure of the stretched region, thereby reducing Young’s modulus. If the total tensile amount is the same, the lower the Young’s modulus, the lower the stress required for the rock to change to the same strain, the faster the transformation between elementary elements, and the rock is more prone to cracking. Therefore, in practical engineering, excessive loads due to the accumulation of different materials should be avoided. In addition, there is no significant change in the degree of increase in the surface fracture rate after the load in the y direction is doubled compared to the load in the xy direction. This shows that although the number of cracks increases, the width of cracks does not begin to expand, which is in accordance with the law obtained in previous studies when the development of cracks does not reach saturation: the number of cracks is first increased, and then the width of cracks will expand in proportion to the thickness of the fracture layer.
The cracking causes and influencing factors of the surface fracture of layered rock are very complicated, but the surface fracture morphology is easy to observe, so the cracking failure morphology has a certain regularity. The development of surface cracks seems to be random, but it is actually caused by various internal factors. The numerical simulation method is used to simulate the whole process of layered rock cracking under three-dimensional conditions, which is easier to achieve accurate control of influencing factors and obtain quantified universal results than physical tests. In addition, the linear relationship between fracture evaluation indices and influencing factors provides an important research direction, and various influencing factors and fracture evaluation indices are matched by mathematical methods. By establishing a mathematical model of fracture statistical index based on various influencing factors, it can not only help engineers to better understand the mechanism of rock cracking, but also provide effective methods and strategies for design to prevent or reduce engineering risks caused by rock cracking.
It should be noted that this study is not without limitations. For instance, the study considers only tensile load, yet the actual fracture development on the stratified rock surface is affected by multiple factors, including temperature and humidity. This single external factor renders the study insufficiently comprehensive. Secondly, the impact of homogeneity as a material property on rock cracking is solely considered, while the influence of alterations to other material parameters, such as elastic modulus and Poisson’s ratio of the cracked layer, is not fully accounted for. Additionally, the model is relatively simplistic. In light of these considerations, the author proposes that future research directions should include the setting of parameters for layered materials, with the aim of simulating cracking in different lithologies of rock mass within the same layer. This would entail setting the material strength of rock mass in each layer to different values. In addition, physical testing represents a crucial element of subsequent research. A comparison of the results of physical testing and numerical simulation can provide a more practical reference value for the conclusions drawn.
6 CONCLUSIONS
In this paper, a three-dimensional two-layer slab model of layered rock mass is established by using the numerical simulation method based on mesoscopic statistical damage mechanics. The influence of surface fracture layer thickness, model side length of different dimensions and fracture layer uniformity on the surface crack morphology of two-layer rock mass is analyzed. Through the quantitative analysis of surface cracks by the obtained crack evaluation indices, the main conclusions are as follows:
(1) The surface crack development is affected by the homogeneous degree of the fracture layer. Under the same tensile conditions, the higher homogeneous degree, the more cracks tend to connect with each other to form a network, and the surface layer of the model is more fractured. Before the surface cracks reach saturation, increasing the homogeneous degree greatly accelerates the development speed and complexity of the surface cracks. In particular, there is a good proportional relationship between the homogeneous degree of rock mass and the quantitative fracture indices. The number of crack blocks is approximately proportional to the homogeneous degree m, and the linear density and mean crack width vary linearly with the mean m.
(2) Based on RFPA3D finite element simulation, the double-layer three-dimensional plate model with different fracture thicknesses will affect the surface crack development under the action of stretching and radial expansion along the plane. The degree of crack development decreases with the increase of the layer thickness ratio η, and the normalized mean crack area is approximately logarithmic with the layer thickness ratio. It is observed that η = 0.67 is the critical value of the film thickness that affects the surface crack development. When η < 0.67, the film thickness ratio has a significant effect on the value of the crack-related index. When η > 0.67, the degree of influence curve tends to be smooth, and the degree of influence of the coating thickness decreases continuously.
(3) Surface crack propagation is affected by model scale. The larger the fracture layer thickness (the larger the t value), the more difficult it is for the surface crack to propagate, but this size effect gradually decreases with increasing size. The average value of the fracture area approximately doubles with a doubling of the plane size relative to the fracture layer thickness (the doubling of the w value). It is worth noting that within a certain error range, the average crack perimeter is equal to the length of the model side, and this equality does not change with the change in scale.
(4) The development of surface cracks is influenced by the different loading ratios of direction. Before the phenomenon of fracture saturation, the number of cracks increases directly with the loading ratio. At the same time, the variation of loading in one direction has little effect on the development of tensile cracks in the other direction. The surface saturated crack network under different loading ratios of direction has obvious fractal characteristics, and the fractal dimension is mainly affected by the loading ratio. When the loading ratio is λ = 1, the crack width is easier to expand and the fracture layer is easier to reach fracture saturation.
(5) The surface crack development is affected by the loading per step. With the increase of each step, the number of cleaved blocks increases and the average cleaved block area decreases. It is speculated that this is related to the effect of loading rate on Young’s modulus. The average crack width and fractal dimension are approximately proportional to the loading per step. Before fracture saturation, the average fracture width is not only controlled by the thickness of the fracture layer, and the increment of each step is one of the influencing factors. The smaller the increment of each step, the more completely the crack width expands and the larger the average crack width.
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