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Editorial on the Research Topic 
Hydro-Mechanical Coupling and Creep Behaviours of Geomaterials



Our Frontiers Research Topic first focused on hydro-mechanical (HM) coupling behaviors of geomaterials. Hydro-mechanical (HM) geomaterials coupling referring to an interaction between fluid and solid in situ stress environment is a significant effect factor on the stability of geological engineering. Terzaghi (1943) first proposed the effective stress principle and established a one-dimensional consolidation model of homogeneous saturated geomaterials, which is the basic theory and initial model of hydro-mechanical coupling of geomaterials, and then, Boit (1954, 1956) laid a theoretical foundation for the hydro-mechanical coupling by extending Terzaghi's theory to the study of three-dimensional consolidation. Witherspoon et al. (1980) first defined the term of "coupling effect", and put forward the relevant coupling theory. Since then the studies on hydro-mechanical coupling behavior always have been a focused research topic due to highly nonlinear and complex coupling process. For soil and intact rock which are considered as porous media, during seepage process, pore fluid pressure as an external stress applied on porous media matrix will change the effective stress of the porous media, which reflects the action of pore fluid on stress. Conversely, the change of effective stress will lead to the change of permeability and porosity of porous media, which reflects the effect of stress on seepage. For fractured rock masses, the water flow in fractures will cause the change of fracture aperture (Zimmerman and Bodvarsson, 1996; Singh, et al., 2015; Zhao, et al., 2017b). Conversely, the change of fracture aperture will affect the permeability coefficient and seepage behavior of rock fractures. So the permeability coefficient as a bridge between stress field and seepage field is a dynamic variable during hydro-mechanical coupling analysis. Some previously proposed hydro-mechanical coupling model which supposed the permeability coefficient keeps constant only can reflect the influence of seepage on stress fields, but cannot reflect the influence of stress on seepage fields. So further studies on hydro-mechanical coupling behaviors of geomaterials, such as seepage characteristics of porous and fracture media, new experimental and numerical methods in the field of hydro-mechanical coupling are still needed. To reveal the laws of hydro-mechanical coupling of geomaterials, Our Frontiers Research Topic published some innovative papers related with hydro-mechanical coupling. For experimental research, Deng et al. carried out the seepage-induced suffusion tests, which indicated the appearance of uneven local hydraulic gradients along flow path in soil is a sign of the initiation of suffusion. Yo et al. used high pressure helium gas to measure the permeability of sandstone, and proposed a response surface method to study the effects of confining pressure, internal pressure, effective stress and water pressure on gas permeability, providing technical support for improving the permeability of sandstone. Zheng et al. studied the effect of moisture contents of coal on the strength, crack propagation model and pore structure. They found the micro-pores and meso-pores in coal are developed into larger pores, while the fracture mode changes from the tensile failure to the tensile–shear failure with an increase in moisture content of coal. The above experimental studies indicated the existence of fluid in pores and fractures can lead to the change of micro-structure of geomaterials, and the seepage pressure affects the distribution of stress field in geomaterials. Modeling of fluid flow in different environments was a focus in the current topic. Li et al. developed a Darcy- Navier- Stokes coupling model to study groundwater flow and transmitting behaviors in karst aquifer. Xie et al. proposed a shear statistical damage constitutive model of rock joints containing seepage pressure, and determined model parameters related with seepage pressure. Moreover, hydro-thermal coupling effect on mechanical and deformation failure behaviors of rock was also investigated in the current topic. Zhao et al. investigated the effect of hydro-thermal treatment on mechanical behaviors of gritstone, and observed that the high temperature, high water pressure and the cooling down methods can affect the mechanical parameters of gritstone.
To date, many hydro-thermal coupling models have emerged to study the seepage-stress coupling effect in rock masses based on either discrete medium model (Indraratna 1995; Wang 2000; Zhang 2015; Ren et al., 2017) or continuous medium model (Suresh, 2014; Shojaei, et al., 2014; Zhang, 2017). Some corresponding numerical simulation include the finite element method (FEM) the extended finite element method (XFEM), and discrete element method (DEM). The above methods reveal the mechanism of the seepage in rock fracture. Nevertheless, there are some major disadvantages. One the one hand, although discrete medium models can effectively describe the heterogeneous and anisotropic hydraulic properties of fractures, the models are unable to determinate geometric parameters of all fractures in rock masses. On the other hand, continuous medium models regard the rock fractures network system as an equivalent continuous medium by some equivalent methods, which is simple and has strong ability of adaptation. However, these continuous models cannot describe the high conductivity behaviors of major fractures in fractured masses. In addition to explaining the seepage effect, another challenge is to account for the damage evolution, which lies in the following two aspects: 1) fluid flow in rock masses results in the change of pore pressure and rock deformation and damage in rock masses; 2) the damage increases the permeability of rock masses, which is a key parameter related with seepage characteristic, and degrades the stiffness of rock masses, which is a key parameter related with mechanical characteristic. Apparently, the above two nonlinear processes are related to the fluid-solid coupling effect and damage evolution, and both can be combined into a seepage-damage coupling. However, little attention has been paid to this complicated seepage-damage coupling effect.
The research on the seepage failure of geomaterials under hydro-mechanical coupling mostly depends on laboratory experiment. The relationships between the parameters such as damage, volume expansion, porosity and permeability have preliminarily been established. However, for engineering rock mass, the existence and development of rock fractures network make the above relationships more complex. The development of rock fracture network resulting in the change of fracture connectivity enriches water flow path, and directly leads to the change of seepage field; at the same time, the change of seepage field affecting the stress field causes the change of fracture network. The seepage failure mechanism of engineering rock mass under some complex stress conditions (e.g. construction disturbance, and confined aquifer effect, etc) are still in an exploration stage. A lot of works should be done in the study of seepage failure laws of engineering rock mass under hydro-mechanical coupling.
The creep behaviors of various geomaterials as another research focus have been studied in our Frontiers Research Topic. The creep characteristics of geomaterials are very important for assessing the long-term stability of geological engineering. The creep behaviors of geomaterials result in the time-dependent deformation and failure of geological engineering. Griggs (1939) first carried out the creep tests on sandstone, shale and siltstone, and proposed the logarithmic empirical formula to reflect the creep constitutive relationship of rocks, and then Langer (1979) systematically expounded the basic concepts and laws of creep of geomaterials at the fourth International Conference on rock mechanics. Since then, the studies on creep behaviors of geomaterials have always been attracting much attention. At present, the investigations on creep behaviors of geomaterials have focused on the creep tests, creep constitutive models and numerical simulation. The creep tests of geomaterials can reveal the creep mechanical properties of geomaterials under different stress levels, and provide relevant creep parameters to establish appropriate creep constitutive and numerical analysis models. The creep constitutive models can be proposed by connecting viscous, elastic and plastic elements in parallel or series. For a specific geological engineering, how to select one or two suitable creep models and then determine the related creep parameters is an urgent problem to be solved in engineering. For soil creep behaviors, Chen et al. performed creep tests on coral sand revealing the laws of particle fractal and crushing evolution during creep process. He et al. and Xue et al. studied the creep characteristics of coarse-grained soil and red-clay under triaxial compression condition, respectively. For rock creep behavior, Zhao proposed a new experimental method to separate the viscoelastic and viscoplastic strain components from the total creep strain, and established some elastoviscoplastic creep models to realize the strain separation (Zhao et al., 2017a; Zhao et al., 2017c; Zhao et al., 2018). Liu et al. investigated the creep damage characteristics of the marble at high stress using Acoustic Emission (AE) technique, which provide a new idea to predict creep failure of rock. To study the shear creep characteristics of anchorage structure, Wang et al. proposed a non-linear creep model to analyze the viso-plastic deformation behaviors of anchorage structure. To study the effect of weak interlayer on rock creep behaviors, Tang and Zhao studied the influence of weak interlayer inclination angle on the creep properties of sand, and observed the instantaneous elastic and instantaneous plastic strains both increase with an increase in weak interlayer inclination angle.
To date, many creep testing methods have been proposed, such as single-level loading, multi-level loading, and multi-level loading and unloading cycles, among which, the multi-level loading is a common and conveniently operative method. The laboratory creep tests of geomaterials are usually carried out by multi-level loading from low to high stresses, and the creep test results are arranged by the linear superposition principle to obtain the continuous creep curves. However, the creep characteristics of soft rock are generally highly nonlinear under high stress level, which may not meet the linear superposition principle. Therefore, new experimental methods to precisely capture the creep curves under various stress levels should be studied further. For creep constitutive model studies, the proposed creep constitutive models generally treated model parameters as constant, which are so-called linear creep problems. However, many creep experiments of rock indicated mechanical parameters (e.g. elastic modulus, strength and viscosity) exhibit time dependence. So the creep parameters should be regarded as unsteady variables to reflect the nonlinear viscous characteristics of rock. How to establish some nonlinear creep models with unsteady variables is worthy of further study. The size effect of creep behavior is also a valuable research issue. It is noted the creep parameters from laboratory-scale specimensstill cannot precisely reflect the creep characteristics of engineering rock mass due to the more complex geological structures in engineering rock mass.
Above all, hydro-mechanical coupling and creep behaviors of geomaterials both display time dependence and highly nonlinearity. We hope this Research Topic collection of papers can further enrich the research field.
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In order to analyze the dynamic fracture responses of surrounding rocks in underground space to cyclic impact loads, a series of dynamic compressive tests were conducted using hollow cylindrical and intact sandstone specimens under confining pressures corresponding to 5, 10, and 12 MPa, and the hollow cylindrical sandstone were subject to radial gradient stresses. In the study, the impact loads were applied via a large diameter split Hopkinson pressure bar (SHPB). The results indicated that the hollow cylindrical sandstone exhibited a lower dynamic strength and larger critical strain under radial gradient stress as compared to intact sandstone. The dynamic strength and critical strain of all rock specimens increased significantly with the increase of the number of impact loading, whereas the cumulative absorption energy decreased. Under impact loads with velocity of 11.89 m/s, the cumulative absorption energy increased with the increase of confining pressure. The impact load was a complex process of repeated tension and compression which easily affected the hollow cylindrical sandstone in the radial direction during cyclical impact loading, and the characteristics of zonal disintegration indicated dominant tensile failure and local shear failure. However, a compression-shear failure mode was observed under confining pressure for intact sandstone.

Keywords: sandstone, radial gradient stress, SHPB, cyclical impact loading, failure properties


INTRODUCTION

After the excavation of an underground space (e.g., underground tunnels and mining roadways), the surrounding rocks near the surface of the underground space experience a radial gradient stress. The vertical and horizontal stress values increase from zero to the primary stress values along their effect directions and change from the maximum value to the primary stress value along the directions perpendicular to their effect directions (Brady and Brown, 1985), as shown in Figure 1. Hence, it is necessary to examine the mechanical properties of the rock under a radial gradient stress in detail. Thus, hollow cylindrical rock specimens (with a hole along the axial direction of the rock specimens) were used to investigate the failure properties of rocks under a radial gradient stress (Wang et al., 2018a). Based on previous studies (Yang, 2016; Zhao et al., 2016, 2019; Weng et al., 2017), the radial gradient stress can be realized by the effect of the holes that significantly affect the failure properties of rocks. A series of conversional triaxial compression tests using hollow cylindrical rock specimens were performed by Lee et al. (1999) to investigate the potential effect of stress paths on the mechanical behavior of sandstone were carried out, and the tests were successfully used to determine the effect of stress paths on the mechanical behavior and to construct its failure surface (Lee et al., 1999). A simple and practical solution to designing an apparatus for a hollow cylinder test through a novel conventional triaxial cell, was proposed by Alsayed (2002) and an internal pressure loading configuration was also designed. A simulation numerical mode predicting the mechanical responses of concrete hollow cylinders under multiaxial compression stresses was proposed by Fantilli and Vallini (2010). With increases in the diameter of the borehole, the ductility of rocks decreases, and the level of peak strength increment in thick-walled hollow cylinder specimens decreases with an increase in the confining pressure (Hashemi et al., 2015). The deformation, peak strength, and crack damage behavior of hollow sandstone specimens, with various hole diameters (d = 0, 11, 15, and 26 mm), under varying confining pressures were investigated (Yang, 2016).


[image: image]

FIGURE 1. Radial stress gradient state of rocks: (A) overall perspective; (B) vertical stress; (C) horizontal stress.



However, the aforementioned experimental studies mainly focused on the static failure properties of the rocks. The surrounding rocks of the underground excavation are also affected by dynamic loadings such as repeated blasting, earthquakes, and rock bursts. It was reported that the dynamic loads significantly affected safety of underground tunnels (Wang et al., 2019b), and it is necessary to examine the dynamic failure properties of rocks under radial gradient stress. An ideal and reliable testing technique to measure the dynamic properties of rocks at a high strain rate (up to 101-103 s−1) corresponds to a split Hopkinson pressure bar (SHPB) test (Kolsky, 1949; Xia and Yao, 2015; Yin et al., 2019), which is commonly used to study mechanical properties of rock under uniaxial compression and tension loads (Li et al., 2009; Lu and Li, 2011; Gong and Zhao, 2014; Wu et al., 2019a,b). After a significant improvement in obtaining a complete triaxial loading test by many researchers, SHPB is a commonly used method to investigate dynamic mechanical properties under confining pressure (Li et al., 2008; Frew et al., 2010; Bailly et al., 2011; Peng et al., 2019). Many studies on the failure properties of intact cylindrical specimens under conversional confining pressure were performed using SHPB. However, there is a paucity of studies that use hollow cylindrical rock specimens.

Therefore, in the study, a novel SHPB testing system with a confining pressure vessel was used to investigate the failure properties of rocks under various confining pressures and cyclical impact loading. A series of tests using hollow cylindrical sandstone specimens were conducted under different levels of confining pressures subjected to multiple impacts. For the purpose of comparison, a series of confining pressure impact tests using intact specimens, under the same conditions as the hollow cylindrical specimens, were also performed systematically.



EXPERIENTIAL PROCEDURES


Specimen Preparation

Based on the suggested methods for determining the basic mechanical parameters of rocks (Du et al., 2019; Wang et al., 2019a), the rocks are tested using specimens with a diameter corresponding to 50 mm and height corresponding to 100 mm. The mechanical parameters of the specimens are summarized in Table 1. With reference to studies related to SHPB tests (Zhou et al., 2012; Wu et al., 2019c), the size of specimens for impact loading test included specimens with a diameter corresponding to 50 mm and height corresponding to 25 mm. The top and bottom ends of the specimens were polished to ensure that the two surfaces were smooth and parallel to each other. Additionally, a circular hole with an aperture corresponding to 10 mm is drilled in the rock specimens used in the SHPB tests, as shown in Figure 2) (You and Su, 2010; Yang, 2016).



Table 1. Physical and mechanical parameters of sandstone under static loading.
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FIGURE 2. Specimen: (A) Intact specimen (Type A), (B) B Hollow specimen (Type B).





Testing Apparatus and Stress Path

An RMT-150C testing system was used to determine the basic mechanical indexes of the rock specimens with a diameter corresponding to 50 mm and height corresponding to 100 mm, while a novel SHPB testing system with a large diameter corresponding to 50 mm, was used to investigate the impact failure properties of hollow cylindrical rock specimens. The schematic of the SHPB experimental system used in the study is shown in Figure 3. A confining pressure vessel was located at the middle of the device, and the hydrostatic confinement stress was loaded by the vessel (Li et al., 2008; Xia and Yao, 2015). The SHPB testing system can apply impact loads with the medium at high strain rates ranging from 101-103 s−1. Additionally, the impact loads generated by a spindle-type structure punch in the SHPB testing system were shaped as a half-sine stress wave (Li et al., 2000). The experimental steps undertaken in the study was as follows:
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FIGURE 3. Schematic of the SHPB experimental system.



Applied Confining Pressure

The rock specimen, packed in a barrel-shaped rubber sleeve, was placed in the confining pressure vessel, and fixed by the input and output bars. A small amount of butter was smeared into the contact face of the rock specimens and bars to minimize the friction effect. Additionally, confining pressures corresponding to 5, 10, and 12 MPa were applied on the curved surface of the cylindrical specimens. It was noted that the axial stress was equal to the value of the confining pressure.

Loaded Cyclic Impact Loads

Impact loads excited by a spindle-type structure punch were applied along the axial direction of the rock specimens. The information of stress wave was recorded and saved by a strain instrument. In the absence of macroscopic damage to the specimen, it is impacted again until the rock breaks. During SHPB testing of the sandstones under the three confining pressures, if the confining pressure corresponds to 5 MPa, then the impact velocity corresponds to 10.89 m/s, and the specimen should be impacted more than 10 times to undergo macroscopic crack damage. When the impact velocity corresponds to 13.90 m/s, the specimen is destroyed after two impacts. As the experiment should consider the cyclic impact and failure form analysis of the specimen, we comprehensively consider the test effect and operability of the test. Hence, the test mainly analyzes the mechanical characteristics of the specimen at the impact velocity corresponding to 11.89 m/s under the confining pressure corresponding to 5, 10, and 12 MPa. Furthermore, the test of the specimen under traditional confining pressure (radial uniform stress) under identical conditions is performed. A typical waveform is recorded during the test. As shown in Figure 4, the stress–strain curve, strain rate, and incident energy of the rock specimens are numbered as DH4-3, transmission energy, and absorption energy, respectively, and are calculated by Equations (1–7). The test data are shown in Table 2.
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where Ae denotes the area of the input or output rods, As denotes the area of the rock specimens, ρe denotes the density of the input or output rods, Ce denotes the velocity of the input or output rods, Ls denotes the height of the rock specimens, t denotes the duration of the stress wave, Es denotes the absorption energy of the rock specimens, and EI, ER, and ET denote the incident, reflected, and transmitted energy, respectively.
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FIGURE 4. Waveform of specimen under cyclic impact.





Table 2. Mechanical properties of sandstone under cyclical impact loading.
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RESULTS AND DISCUSSION

Figure 4 shows the cyclic impact waveform of the specimen (DH4-3) under radial gradient stress. The impact velocities are well-controlled, and the incident wave is almost identical for each impact. With increases in the impact times, the waveform changes significantly, transmitted waves are increasingly smaller, and reflected waves are increasingly larger. With increases in the impact times, the waveform of the falling edge of the reflected wave changes from the initial gradual decline to a gentle, even rising. This is because increase in impact times continuously damages the specimen while the increased cracks decrease the wave impedance of the specimen. This is expressed as a decrease in the transmitted wave, increase in the reflected wave, and an early arrival of the peak value of the transmitted wave until macroscopic cracking occurs in the specimen, which prevents some of the stress wave from transmitting and directly reflects back to the input bar, thereby manifesting itself as a delay or even elevation of the reflected wave (for e.g., reflected waves 5 and 6 in Figure 4). It should be noted that the destructive form in Figure 4 corresponds to the destruction of different specimens.

Figure 5 shows the stress–strain curves of the specimen, which are obtained after the signal wave was processed by Equation (1). As shown in Figure 5, increases in the impact times changes the stress–strain curve in a similar pattern wherein strength decreases, the rebound becomes increasingly smaller, and the critical strain increases in different confining pressure conditions. Therefore, when combined with Figures 4, 5F, the variation in stress and strain with respect to impact times is analyzed. As shown in Figure 5F, the strength and deformability of the specimen exhibit a slight weakening in the first three impacts. With increases in the impact times, the amplitude of the stress–strain curve decreased. When compared with the previous impacts, the specimen does not show macroscopic cracks during the fourth impact and still exhibits good strength as shown in curve 4 in Figure 5. The strength of the specimen severely weakens, and the critical strain is high at the fifth impact, which displays macroscopic cracks as shown in Figure 4. It should be noted that the crack does not penetrate, and the specimen still exhibits a high strength of ~150 MPa. The critical strain of the specimen during the sixth impact evidently increases, and then the specimen crack leads to a certain misalignment as shown in Figure 4. The crack misalignment causes more stress waves to be reflected during the propagation when compared with the fifth impact, which was manifested because the reflection wave is significantly raised. However, given the existence of confining pressure, the specimen is still maintained as intact and exhibits a certain degree of strength. This is consistent with the two failure modes as shown in Figure 4. Additionally, under confining pressure conditions, even if macroscopic damage occurs in the specimen, the specimen still exhibits a certain compressive strength due to the presence of confining pressure as shown in curves 5 and 6 in Figure 4. It should be noted that although the stress–strain curves vary with impact times, they are similar in different confining pressures, and the strength and deformation of the specimen are more affected by the impact times under the radial gradient stress condition as shown in Figure 5. Therefore, we analyze the effects of radial gradient stress on the mechanical properties of sandstone in terms of several aspects such as strength, critical strain, and energy absorption.
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FIGURE 5. Stress–strain curves under cyclic impact: (A) DW3-7, (B) DW3-8, (C) DW3-9, (D) DH2-2, (E) DH3-3, (F) DH4-3.




Strength Characteristics

The relationship between the dynamic strength, strain rate, and impact times of the specimen under cyclic impact loading is shown in Figure 6. The representative strain rate in the study corresponds to the average strain rate, which is the average value of the strain rate between the specimen to reach a stress equilibrium state and peak stress (Zhou et al., 2012). As shown in Figure 6, an increase in the impact times decreases the strength and increases the strain rate under different confining pressure conditions. Additionally, the strain rate is more sensitive to the change in impact times under radial gradient stress conditions with the exception of Figure 5E because the specimen in DH3-3 only exhibits slight damage. For example, in Figure 6C, at identical impact level, the average strain rate and strength do not exhibit significant change during the first three impacts under radial uniform stress while it is change significantly after the second impact under the radial gradient stress. Furthermore, the average strain rate gradually increases. Specifically, during the last impact, the average strain rate is almost twice that at first time. This implies that when the impact progresses, the micro cracks of the specimen initiate and expand and result in a decrease in deformability of the specimen. This cannot be clearly observed from the strain–stress curves. Therefore, under cyclic shock conditions, the change in strain rate with impact times is used as a basis for determining the degree of damage of the specimen. This is also proven by the results of the DH3-3 specimen in Table 2, wherein it is observed that the change in the strain rate is small because only small local cracks appear after the impact.
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FIGURE 6. Variation in dynamic strength and strain rate with respect to impact time: (A) confining pressure at 5 MPa, (B) confining pressure at 10 MPa, (C) confining pressure at 12 MPa.



Figure 7 shows the variation in the dynamic strength of sandstone with impact times under different confining pressures at the impact velocity corresponding to 11.89 m/s. As shown in the Figure 8, the impact times and confining pressure affect the dynamic strength of sandstone (Guo et al., 2017; Ma et al., 2017; Zhao et al., 2018). Under identical impact level, the dynamic strength of sandstone under radial gradient stress is lower than that under uniform stress conditions. The dynamic strength varies significantly with the impact times under confining pressure at 5 MPa. With increases in the impact times, the strength of the specimen under gradient stress significantly decreases when compared with that under radial uniform stress, and the degree of decrease subsequently increases although the phenomenon is not evident with increases in the confining pressure.
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FIGURE 7. Variation in dynamic strength with respect to impact times.
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FIGURE 8. Variation in critical strain with respect to impact times.





Deformation Characteristics

Figure 8 shows the critical strain of sandstone with the impact times under different radial stresses at the impact velocity corresponding to 11.89 m/s. As shown in Figure 8, the critical strain of sandstone increases with increases in the impact times while it decreases with increases in the confining pressure under different radial stresses. At an identical impact level, the critical strain of sandstone under radial gradient stress exceeds that under radial uniform stress, and the rate of increase rises with increases in the impact times although the phenomenon is not evident with increases in confining pressure. The difference in strength and deformation with respect to the impact times under different types of confining pressures decrease with increases in the confining pressure. This is potentially due to the existence of a hole, and holes allow for greater deformation of the specimen in the radial direction. The confining pressure effect was also lower and resulted in a higher strain rate and a lower strength of the sandstone under radial gradient stress at an identical impact level (Wang et al., 2018b). Given the small size of the hole, the deformability provided by the free faces of the hole is limited. Hence, the aforementioned phenomena are also not evident with increases in the confining pressure. Additionally, the sandstone exhibits better deformation ability under the radial gradient stress although the deformation ability decreases with increases in impact times. In engineering practice, rock deformability can be increased by changing the model of rock stress or it can be accelerated by changing the model of rock stress.



Energy Absorption Characteristics

Figure 9 shows the change in cumulative energy absorbed by sandstone with respect to impact times under different radial stress modes. As shown in Figure 9, cumulative absorption energy of sandstone increases with the impact times under different conditions and decreases with increases in the confining pressure. The cumulative absorption energy varies with the impact times under different radial stress modes as shown in Figure 9. Generally, sandstone can absorb more energy under the condition of radial uniform stress while sandstone absorbs less energy in the first few impacts under radial gradient stress although this increases with increases in the confining pressure. Subsequently, the amount of absorbing energy can increase rapidly. This is different from the accumulative absorption energy of sandstone with increases in the impact times under uniform conditions. This is potentially related to the deformation characteristics of the specimen under radial gradient stress. Large deformations can better mitigate the dynamic load impact when the specimen is intact. Hence, when cracks appear, the amount of absorbing energy increases rapidly.
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FIGURE 9. Variation in cumulative absorption energy with respect to impact times.





Failure Mode

Figure 10 shows the failure mode of the specimen after cyclic loading under different radial stress modes (damage was not observed after a single impact under different radial stresses). As shown in the figure, under the condition of a uniform radial stress, the failure mode of sandstone is dominated by compression and shear (Li et al., 2009; Lu and Li, 2011; Xia and Yao, 2015; Zhou et al., 2016; Wang et al., 2017). It is clearly seen that the evident shear cracks appear in the axial direction under confining pressures corresponding to 5 MPa and 12 MPa, as shown in Figure 10A. However, the failure mode of sandstone under radial gradient stress appears similar to the zonal disintegration phenomenon (Guo et al., 2017). As shown in Figure 10B, under the three levels of confining pressure, two evident zonings appear in the specimen as denoted by the red circle. The first area corresponds to a complete rock area. In the area, the whole area appears as a complete rock with few cracks. The second zone corresponds to the tensile failure zone and there is an evident loop line with the first zone. As shown in the lateral view of the specimen under confining pressure of 10 MPa, as shown in Figure 10B, the axial cracks of the specimen are essentially parallel to the loading stress and a shear failure exists locally, which is consistent with the characteristics of the zonal disintegration phenomenon as reported in extant studies (Li et al., 2017).
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FIGURE 10. Failure modes of sandstone impact under cyclic loading under difference stress modes: (A) Type A, (B) Type B.



At the first few impacts, the specimen does not exhibit any damage (for e.g., macroscopic cracks). Additionally, a gradient stress exists in the radial direction of the specimen due to the existence of confining pressure and holes. The displacement is extended to the hole during the loading process and shrinks back during the unloading process. With increases in the impact times, the specimen is repeatedly compressed and stretched in the radial direction until the formation of zonal disintegration.

Hence, under cyclic impact, the specimen repeats the above process and is repeatedly subject to loading and unloading. Rock radial deformation occurs toward the hole in the loading section of the incident wave due to the existence of confining pressure and holes. The hole shrinks in the unloading section of the incident wave and subjects the specimen to repeated tension and compression in the radial direction until a detachment circle is formed. Chen and Weng noted that the transient unloading in surrounding rock can induce dynamic action on the rock near cavern periphery, thereby resulting in a tension crack zone (Chen et al., 2011; Weng et al., 2018). This is consistent with the cyclical impact failure mode of sandstone under gradient stress in the experiment. The rock outside the circle is dominated by tensile failure after the formation of the detachment circle.

With respect to the zonal disintegration phenomenon of deep rock subdivisions, several extant studies focused on numerical simulations, similar materials, and theoretical analysis, and many conclusions were obtained. However, the new findings discovered in the present study indicated that the zonal disintegration phenomenon can occur when using cyclic impact on sandstone under radial gradient stress, and this provides a new testing method to examine partition rupture although the feasibility requires further verification.




CONCLUSIONS

In the study, cyclic impact tests of sandstone under different confining pressures corresponding to 5, 10, and 12 MPa, were conducted using a SHPB. The mechanical properties of the specimens under radial gradient stress were compared with the mechanical properties of those under radial uniform stress. The conclusions obtained in the study are as follows:

Under an impact loads with velocity of 11.89 m/s, when compared with the impact under radial uniform stress, the sandstone under the radial gradient stress is repeatedly subjected to loading–unloading, and this indicates that the dynamic strength and critical strain increase with impact times. The rate of change in energy absorption characteristics with increases in impact times is slower, and the changes significantly weakened with an increase in the confining pressure. Additionally, the strain rate under radial gradient is more sensitive to the impact times.

Under the radial gradient stress, the failure mode of the sandstone reveals that the characteristics of the zonal disintegration phenomenon after cyclical impact is that the crushing zone is mainly subjected to tensile and partial shear failure. However, it corresponds to compression-shear under confining pressure.
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In order to take far-field translational tilts into account during studying the reservoir flow process of CO2 injection, a group of tiltmeters was installed as an array covering an estimate range of ground spreading from the injection well. The measurements were applicable to ground deformations during a fracturing stimulation treatment, a short-term test of CO2 injection into relatively shallow coal seams and a CO2 injection into deep saline aquifer. An attempt to quantitatively model the rational association between reservoir volumetric disturbance underground and its induced corresponding rather slight distortion on surface was presented. It is as well demonstrated how to sufficiently manipulate vertical unstructured and horizontal divergent model numerical discretization, which eventually makes it feasible to study mechanism between reservoir flow and reservoir Geomechanics by full-field reservoir model. The potential algorithms to improve the computational efficiency and actual demand for an ambitious solver to inverse coupling problem are finally discussed. The study proposed the development of a high-efficiency software package fully capable of dealing with reservoir flow and reservoir Geomechanics to implement the history match study not only on a reservoir itself being injected but also including the full field deformation performance up to the costly ground displacement monitoring data.

Keywords: displacement patterns, CO2, gridding technique, numerical discretization, full-field reservoir


INTRODUCTION

Just like pulse diagnosis that was ever popular in ancient Oriental medicine, tiltmeters as geophysical measure nowadays detect slight tilt signals reflecting rotating displacement differences at several locations covering a portion of boundary, such as ground or borehole opening, where an offset is distant away from down-hole near-field events of an operating reservoir. The precision of tiltmeter to which tilt can be measured is less than 1 part per billion (i.e., less than 1 inch in 16,000 miles). Cooperated with Geomechanical modeling, far-field monitoring can be a useful tool to understand injection advance process and identify possible effects of intensive non-isothermal operations on the structural integrity of subsurface. Enhanced Oil Recovery (EOR) process often involves injection of a large volume of fluid, involving remarkable stress and temperature change, which leads to far-field deformation up to mensurable exposure along an opening bound (Dusseault et al., 1993). Thermal recovery of heavy oil, such as Cyclic Steam Stimulation (CSS) and Steam Assisted Gravity Drainage (SAGD), usually significantly changes the volume of bitumen-bearing reservoir, which induces noticeable uneven uplift of overburden. It was observed that heave and subsidence occur simultaneously across one operation site as the front of heated steam moves through reservoir. More extensive use of tiltmeters are being seen now and these tools are being employed in hybrid arrays consisting of microseismic or InSAR images, too. However, only in case of relatively advantageous long-term CO2 injection, InSAR then turns to be a much better alternative when surface deformation reaches the order of centimeters (Rutqvist et al., 2010). In the meanwhile, tiltmeter array yet remains as the unique choice to monitor remote displacements induced by instantaneous short-term CO2 injection. For instance, in Alberta, a surface tiltmeter array detected the ground surface heaves during well fracturing stimulation and CO2 injection into the Ardley coals. During this so-called CSEMP project, tiltmeter measurement recorded that a well fracture stimulation, a 4-day 180-tonne micro-pilot and a 19-day 850 tonne pilot CO2 injections only brought 0.05, 0.55 and 2 mm, respectively, in the maximum ground displacement. Gondle and Siriwardane (2014) installed thirty-six high precision tiltmeters at the field site to monitor ground deformations caused by CO2 injection, it found that the maximum surface uplift recorded was about 3.3 mm (0.13 inches). It has gradually turned into a prominent challenge whether the remote displacement monitoring is effective or not to manage reservoir, i.e., effectively in a quantitative way, how to effectively link the far-field deformation patterns with the straining process at depth. At least the latter is fully coupled by complex reservoir dynamics during flow injection.



SUGGESTED PROCEDURE FOR MODELING

CO2 injection into coal seams as a tight reservoir usually needs fracturing stimulation ahead. As shown in Figure 1, the ground displacements were interpreted from the data monitored by tiltmeters installed as an array covering a disk range of ground surface centered on the drilled injection well. These are about a CO2-ECBM/sequestration multi-well pilot test being sited in Alberta with regard to relatively much shallow low-rank coal seams.
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FIGURE 1. Patterns of surface displacement interpreted from raw tilt data (Rutqvist et al., 2010): (A) Fracturing stimulation test; (B) CO2 injection test.



A tiltmeter is an instrument designed to measure very small ground surface changes from the horizontal level. The continuous data were downloaded monthly. It can be seen from (a) that in this particular case a very slight (i.e., the maximum displacement falls into incredible but actually detectable even about 0.05 mm!) ground valley but with two different low and high uplifts was reasonably caused by a cross-sectional steep-dip fracture open dominantly during stimulation. The fundamental principle of this interpretation is based on an optimal matching using a 3D analytical solution to the elastic deformation field of a half-space due to an internal shear or a tensile fracture (Okada, 1992). These have been accepted as a common practice. Nevertheless, it indeed lacks of sufficient study to prove if the concrete topography of hundreds of sedimentary layers could be completely ignored or seriously simplified, let alone a full-field reservoir model with a broad ground covering tens of thousands of square meters never contains any geological discontinuity. Even if a discontinuity is in active, it does bring abnormal deformation properties from the continuum media assumption.

Meanwhile, a following short term micro-pilot CO2 injection mainly induced a pattern of ground bulges (with the maximum displacement more than tenfold, i.e., over 0.55 mm for this time) like a camel’s hump with the one occurring to the injector well in the northwest and the other the rough south, respectively. The similarity in shape existing between Figures 1A,B, i.e., the interpretations of remote displacement monitoring on these two different tests both tell a somewhat a pair of camel’s hump like surface heave distribution roughly along northwest and southeast, this consistency in pattern most probably implies that the pore pressure ballooning effect in CO2 injection obeyed the same mechanism as that in fracturing fluid (water and sands in this case) in fracture stimulation.

A few years before, double-lobe ground uplift pattern had been observed by satellite-based interferometry (InSAR) at injection well KB-502 in Salah CO2 storage operation at the Krechba gas field, Algeria. In retrospect, almost even a little earlier, Lawrence Berkeley National Laboratory (LBNL) had studied this similar phenomenon by coupled modeling using TOUGH2 and FLAC3D (Rutqvist et al., 2011). It concluded that the double-lobe data correlates with underground reservoir structures, i.e., strongly heterogeneous permeability and deflation of an existing fracture zone or fault near this injection well. Unfortunately, at that time due to lacking of any world’s cutting-edge efficient coupling simulator as available tool, only conventional technical work routine was adopted in the history matching study. Short-term CO2 injection (Li et al., 2009) was simulated based on a reservoir model not explicitly including the stimulated fracture in it. As a matter of fact, till now, the most sophisticated work-flow on coupled reservoir flows and reservoir Geomechanics using TOUGH2 plus FLAC3D is exclusively grasped by a few scientific and technical entities, i.e., LBNL as well as a few its collaborative companies and academic followers. It is not a universal routine at all. Otherwise, more precise study endeavor might have been able to more reasonably, confidently and quantitatively single out sorption effect in a pure mechanical view (i.e., matrix swelling and softening as known so far) during CO2 injection.

Obviously, the interpretation through optimal matching based on three-dimensional closed-form fundamental solution to an elastic half space acted by an internal open fracture should be restrictedly only applicable to normal or regularly sedimentary underground stratigraphic configurations because it came down to the postulation where homogenization method must stand. Considering the complexity usually existing in underground stratigraphic configurations, especially in the case shown in Figures 2A,B, detailed numerical simulation is helpful and as a matter of fact unavoidable to study the data from remote displacement monitoring. As long as the values of comprehensive properties adopted in numerical analyses, which are the elastic constants averaged in a stratum-thickness weighted way for an unified media overall, should be carefully checked or calibrated to see if they also fall consistent with those cases to take lithology description columns on corresponding to well log interpretation, especially the one, either Young’s modulus or Poisson ratio, which is found much more sensitive after implementing a careful sensitivity study.
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FIGURE 2. Schematic illustration of different stratigraphic configurations in view of the extent of applicability of homogenization: (A) Metamorphic folding faulting (John Perez Graphics and Design LLC, 2018); (B) Regular sedimentary strata over 3 km down near Estevan, Canada (Aquistore, 2019).



As shown in Figure 3, a dominant state among fracturing process is studied by forwarding simulation using both plane-strain and 3D model. In order to correctly represent a fracture, these models need a skill to setup an interface structure and the net pressure is used to apply to open it. The results on surface displacements show plane model turns to relatively overestimate the response though the abruptly slant fracture viewed from its vertical cross section which is interpreted from tiltmeter array detected data and also verified by downhole tilt results has a prominent aspect ratio, i.e., its height from 30 to 50 m verses its full length more than 300 m.
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FIGURE 3. Simulated ground torsion induced by fracturing (Li and Li, 2010): (A) Using Itasca’s FLAC2D®; (B) Using Itasca’s FLAC3D®.



It is noteworthy that principally this fracture supposes to propagate along the major principal stress within almost horizontal section whose inclination is rather slight as shown in Figure 4A. This might be consistent with the direction of bedding cleats developed in coal so as to conform to the probable anisotropy in strain associated as well as hydraulic characteristics. Unfortunately, there was then no such detailed study whose necessity had been commonly recognized by cooperating parties. As shown in Figure 4B, the anisotropy brought by either a local fracture or distributive cleat structure hasn’t been considered in the study due to shortage of relevant data but also no quantitative information. Further research interests yet exist at including anisotropic porosity and permeability sensitivity to initial stress state and secondarily induced stress concentration.
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FIGURE 4. Illustration of history matching simulation on an ECBM testing using CMG’s GEM®: (A) Contour of CO2 concentration adsorbed in coal matrix; (B) Model grids for coal seams in 3D view.



To model ground heave induced by CO2 injection into coal seams, it is assumed that the volumetric strain corresponding to matrix swelling caused by gas component adsorption is proportional to its adsorption concentration there. It could be reasonably singled out through a sampling experiment through helium injection in the laboratory for the sake of subtracting grain compression effect as the rare amount of helium adsorbed into coal is ignorable (Mazumder et al., 2006). So is its brought swelling. Considering the competition existing mainly between CO2 and CH4, the effect corresponding to the latter either at reservoir initial condition or during when each component falls into a distinctly partially saturated state would bring significant accuracy loss. Not only matrix swelling caused by gas composition, either each pure component or their composite effect along the whole course of in situ fluid pressure and total stress evolution, but also matrix softening should in the meanwhile be carefully measured.

More careful further research interest yet exists at behavior of the stimulated fracture during CO2 injection into coal seams though this is to intertwine near-field complicated coupled mechanism between reservoir flow and Geomechanics. As a matter of fact, a relatively shallow reservoir CO2 injection which cannot take advantage of supercritical CO2 properties might have met compressed liquid CO2 transiting to gas CO2 in the near field. It is well known that phase transition would bring about distinct heat swallow and spit phenomenon. However, it is completely unknown how this near-field temperature dramatic change influences the near field seepage characteristics. This advocates a non-isothermal multiphase multi-component integrated coupling simulator specially sharpen to CO2-ECBM study and design endeavors in the near future.

It can be seen from the above that to simulate a certain state of rather slight ground surface uplift caused by injection at reservoir depth looks hard to achieve a credible accuracy. Nevertheless, it doesn’t mean all endeavor pursuing a quantitative analysis desperately falls into a trivial destiny. Remote displacement as a monitoring means, performs just like blood pressure pulse at one’s wrist reflecting the heart rate, even health or a female’s pregnancy. Rather than matching its absolute magnitude, the actual significance at studying remote displacements through numerical modeling lies more in matching its distributive patterns over a boundary. Furthermore it lies in matching a series of consecutive states under which it evolves to imply the injection process at depth.



GRIDDING TECHNIQUE TO DEAL WITH FULL-FIELD RESERVOIR

In order to take far-field displacement into account during simulating CO2 injection into a deep saline aquifer, how to control a compatible numerical discretization was sufficiently studied in modeling from reservoir flow to its induced deformation up to the ground surface. A full-field reservoir model means not only its middle portion as defined in the traditional concept of a reservoir between a depth interval where petroleum resources are contained but also a large scales of both overburden and overlying strata representing distant deformation effects of interest caused by reservoir flows. It is a huge challenge to the efficiency of gridding technology. Earlier pioneers in reservoir Geomechanics have to study simulation grids by themselves to deal with consultant projects (Aziz et al., 1993). Aziz et al. (1993) pointed out that in field-scale applications the need to satisfy a variety of constraints that often are conflicting makes grid generation difficult and time-consuming. Naturally, one first of all senses a need to extend conventional reservoir model but the work will never grow up so easy. Relatively fine grids focusing on near-field behavior are not consistently necessary to model far field effects. In order to economically use grids, to adopt unstructured meshing between layers usually gets unavoidable. Furthermore, the grids forms a focusing core that captures CO2 plume so as to grow along with CO2 injection progress but also its surrounding transient periphery where radiating mesh gets proportionally coarser and coarser in size. This gridding dynamics must already realize its mature automation.

Therefore, to feasibly discretize a full-field reservoir model lies in two challenges: (1) Once unstructured meshing is adopted across between layers along vertical direction, an interface will be differently represented. Coplanarity throughout this originally common surface may become a contradictory problem because it defined by finer grids from the one side but coarser from the other; (2) Within each layer, grids dynamically evolve to automatically capture CO2 expanding, for an instance. However, the transient ‘diffusing’ of mesh should keep independent with its defined topography of this layer. The latter is fixed though its meshing keeps changing. It is just like one’s photo should be identifiable no matter high or low resolution is adopted to form its bitmap. As shown in Figures 5A,B, the above difficulties had been overcome by successfully realizing secondary development applicable to the existing simulators.
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FIGURE 5. Programmatic gridding technique for advanced full-field reservoir modeling (Li et al., 2015): (A) Each 16 hexahedrons at lower layer is rigidly attached to a pair of triangular prisms; (B) No matter with sparse or dense mesh, its defined topography changes.



Through similar technology, an identical model gridding was kept between reservoir flow simulation and its associated Geomechanics modeling. The interaction between flows within the reservoir and the deformation of both overburden and underlying strata was so far decoupled as one-way coupling strategy. That is: the independency of reservoir flows is first postulated so a conventional history matching study was implemented; then by assuming the alteration of effective stress should be relatively small enough than those of pore pressure and total stress, the reservoir flows only affect far field strains once. Actually, the most efficient model gridding might be a cylindrical column shape with a circular heart. Further, this technique lays a cornerstone to make the dream become realistic in the future work that the automatic re-meshing focuses so as to capture the spreading area of injected pressure in a dynamical way.

In addition to thousand lines of source codes have been well written and verified in Fortran modules to realize the aforementioned functionalities, e.g., definition of geometry in different resolutions or ranges, in coarse or fine, refined or radiant grids, keeping grids independent strata topology between different software through interpolation and extrapolation algorithms, accessory programs have as well been developed to assist in setting up layer dependent property distribution and applying initial and boundary conditions to complex shapes defined by grids. Some procedures must be implemented taking advantage of imbedded language FISH. As repetitively using FLAC3D commands for a large number of times, it would become extremely time-consuming. Furthermore, to carefully compute on one-way coupling reservoir Geomechanics, grids sometimes need to be kept exactly the same or at least consistent between different simulators e.g., CMG’s GEM for reservoir flow and Itasca’s FLAC3D. Their models are following completely different geometrical data formats.

It is still unknown whether and how the practical winding topography of even relatively flat sedimentary layers or structure of discontinuity over and under an injected reservoir contributes to the ground surface displacement pattern. Further careful study is obviously needed to make this problem clear. As shown in Figures 6A,B, the forwarding simulation on vertical surface displacement as an example for full-field reservoir modeling was smoothly implemented; though underlying strata in general behave with a higher average Young’s modulus and lower Poisson ratio, the study demonstrated that enough depth even up to the scale from reservoir over to surface of underlying strata should be included in the full-field reservoir model as the elastic base underneath reservoir contributes its rebounding effect to the surface displacement.
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FIGURE 6. Simulated Z displacement (m) after 1096-day injection of 330 kT CO2 at a project site (Li et al., 2017): (A) Diagram of simulated vertical displacement; (B) Vertical displacement contour along cross section A–A.



Currently, it still lacks a unified commercial software package based on fully or partially coupling solvers as an efficient tool to analyze the remote slight displacement as well as its pattern evolution induced by the reservoir flow process during fluid injection. Actually, considering the high-accuracy tiltmeter monitoring data is very costly, a high-efficient software package should be urgently proposed and specially developed to simulate reservoir injection coupling process by forward or inverse modeling. It is believed that many reservoir engineers and research scientists desire to do history match study not on reservoir only but also including the full field deformation behavior up to the ground displacement monitoring data.



PURSUING SUPER COMPUTING SOLUTION TO COUPLED/INVERSE PROBLEM

Schlumberger incorporated industry-reference reservoir simulator Eclipse with an integrated environment for 4D geomechanics modeling and reservoir simulation – Petrel Reservoir Geomechanics. Meanwhile, Baker Hughes synergized unified finite element analysis Abaqus which simulates realistic performance with advanced multi-physics solutions with comprehensive platform JewelSuite GeoMechanics which improves reservoir insight and accurately assesses geomechanics. Although these jumbos seem to provide possible workflows to simulate reservoir fluid injection process from somewhat coupling point of view, their efficiency is still far less enough to undertake any history match study on the evolution of induced remote displacement on basis of a complex reservoir model. The stratum topography and property variation included in so large a full-field scale, i.e., typical reservoir plus all overburden and same order of scale of underlying layer groups, consumes tremendous nodes and zones even for the minimum numerical resolution, let alone iteration loops unavoidably make the computation plod as reservoir flows induced overburden rock strain is after all a coupling problem.

In order to overcome computational effort, three dimensional boundary element method which alleviate the massive domain discretization up to only that of the boundaries embracing each stratum group, should be at least introduced to simulate far-field elastic response within this so-called Geomechanics-Reservoir modeling (Yin et al., 2006). Boundary element method generally also improves computational accuracy. Furthermore, it is after all the ground surface tilts that can be measured as known data but the injection pressure distribution inside reservoir is unknown. An ideal analysis shouldn’t stop as a try of forwarding simulation but to seek a sensitive solution to this inverse problem based on the principles of optimization as well as spatial regularization (Zabaras et al., 1989).



CONCLUSION

Ground surface deformation is a security significant geomechanical response during gas injection into a reservoir as it reflects repository inflation as well as its near-field integrity. It should be analyzed with enough precision through numerical modeling to guide tilt-meter array design but also accordingly match monitoring data in a dynamical way.

Containing strata from a reservoir base in depth to overloading rocks till ground surface, an extensive model to study reservoir far-field effects is usually made of more than a hundred of topographical layers. A new efficient gridding approach has already been developed in order to flexibly focus on reservoir pressure alteration area so as to capture ground surface heave with better speed and precision. To follow reservoir pressure growth, horizontal discretization which consists of a stepwise enlarging fine core surrounded by gradually coarser periphery is successfully realized. This technique was well applied and rigorously verified to analyze ground surface deformation induced by carbon dioxide spreading in the deep saline aquifer during a long injection process. A new gridding approach is developed and provided: Considering the feature of our model, in vertical cross section, we can cut flat planes easily but in horizontal direction, we have zigzag topography of much over a hundred strata. In horizontal view, it has a flexible moving core with enough fine grids to focus on pore pressure alteration brought by CO2 plume. Then in order to conveniently set up boundary conditions, the coral part must be surrounded by a periphery part which is proportionally being enlarged grids to form straight plane boundaries parallel to coordinate directions. To implement a controllable flexibly gridding technique, we must have a qualified interpolation algorithm. As grids may be freely changed during preliminary trail study and formal model building but its defined strata morphology must keep unchanged, consistent or independent through the procedures.

The Fortran programmed flexible gridding definition technique is expected to own its further automation and more idealized focused shape so as to capture pressure spreading of injected CO2 plume in a dynamic way. Additionally, the Fortran programming has been utilized to constitute a power user interface to transform the data formats from a reservoir flow simulator into a geomechanical modeling package. The technique is necessary to keep models and meshes identical between reservoir flow and reservoir Geomechanics simulations so as to facilitate the one-way or even iterative coupling solution. Fortran programming is but also very helpful to distribute properties, setup initial conditions and apply boundary conditions in an efficient way. In some cases, due to a large number of repetitive command lines become too costly to computer capacity, Fortran programming gridding control technique must be used in conjunction with FISH language in FLAC3D.

As in general a reservoir flow or Geomechanics simulation professional used to take advantage of the gridding functionality already provided by commercial software packages, the work described in this paper offers readers an exploration for practice of programmatic gridding technique applicable to advanced reservoir Geomechanics modeling. It is expected to be systematically consolidated and further carried forward.

Considering the huge model scale in implementing a full-field reservoir history matching study which containing the overloading part up to ground surface displacements and the underlying part taking re-bouncing effect into effect, possible complexity of stratum units and decoupling iteration as well as optimization in inverse solution, all demands tremendous computational resources for analyzing remote displacement patterns monitored by tiltmeters during fluid injection into reservoirs. In order to analyze ground surface displacement monitoring in an efficient way and promote the utilization of potential value in tiltmeter array data, a competent numerical tool is strongly recommended to be developed base on a super computing platform in the near future.
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This article introduces the uses of transparent synthetic soil for geotechnical problems using optical system, including transparent materials, sample preparation, geotechnical properties, experimental methods, and applications in physical modeling. Four typical kinds of transparent synthetic soil are shown and compared. For amorphous silica powder, normally the consolidated amorphous silica has a higher normalized strength but a lower modulus than the natural clays. For amorphous silica gels, the stress–strain behaviors are consistent with the typical stress–strain behaviors of sand for both dense and loose conditions. For fused silica, it has a higher shearing strength and higher modulus than the natural sand does; the deviatoric stress increases with the confining pressure, but the stress–strain curves of fused silica and the natural sand are particularly similar. For glass sand, with increasing of the relative density, the strain-stress relationship varies from strain hardening to stress softening, while its failure form is essentially the same as that of standard sand. According to the geotechnical properties of four typical materials of transparent synthetic soil grain, they are used to simulate different conditions and analyze practical engineering problems in different physical model tests. The process included the generation of a speckle pattern created by the interaction of laser light with transparent particles. Using digital image processing technology, speckle patterns can be obtained and used to calculate the displacement field. By utilizing this optical system, transparent synthetic soil can be used to non-intrusively investigate internal soil deformation, flow problems, and ground movement in physical model tests. Finally, both the advantages and disadvantages of the transparent soil experimental technique are analyzed.

Keywords: transparent synthetic soil, amorphous silica powder, amorphous silica gel, fused silica, transparent glass sand, optical test


INTRODUCTION

The mechanical properties and deformations of the soil-structure interaction were investigated (Zhao et al., 2017, 2019; Lu et al., 2019; Wang et al., 2019). Visualization of deformation and flow characteristics within a soil mass is typically limited as the natural soil is opaque (Cui et al., 2018b; Wang et al., 2018). Conventional measurement for soil deformation cannot reveal continuously internal and spatial deformation because the embedded soil sensors do not provide a continuous image of the measured continuum (Zhao et al., 2016). Additionally, the methods using sensors produce intrusive measurements changing the response of the measured continuum of the soil deformation (Qi et al., 2017; Wang et al., 2017; Cui et al., 2018a). Such changes are produced by the differing characteristics of sensors and surrounding soils. On the other hand, modern digital imaging techniques can be used to measure deformation non-intrusively, these techniques are generally restricted to the measurement of macroscopic deformation or boundary (Chen et al., 2013). Nuclear Magnetic Resonance Imaging (NMR) and Computerized Axial Tomography (CAT) have also been used to monitor visual deformation and flow in soils (Mandava et al., 2010). However, the application of these techniques in lab model tests is limited by the high cost of the apparatus and the technical limitations. One of the traditional methods is to use a transparent Perspex box to observe the deformation of the soil. However, the friction between Perspex box and soil can influence the deformation shape of soil. In addition, the observation is limited by the model. Assuming that the soil is transparent, a non-intrusive model test can be operated (Wong, 1999). Recently, transparent synthetic soils made by matching the reflective indices of the transparent particle and pore fluids, using non-intrusive optical visualization technique, have been employed to study internal deformation. Chen et al. (2011) introduced that the Digital Image Correlation (DIC) can be applied to the transparent soil to observe the displacement of internal soil, which was similar to the optical system by Suits et al. (2010) using laser light to slice the transparent soil model and observe laser speckle images. The fundamental premise of these studies is that the transparent materials can be produced with physical properties similar to natural soils. Many prior researches demonstrated that the macroscopic properties of transparent materials represented the physical properties of natural soils, and it was shown that these materials are suitable to model natural soils in model tests.

This paper reviews a transparent soil modeling technique, including selection of the transparent materials, sample preparation, geotechnical properties, the experimental methods, and the applications of transparent synthetic soil in physical modeling. In addition, this paper focuses on the application prospects of transparent soil technology in geotechnical engineering and introduces the physical and mechanical parameters of the similarity between transparent soil and natural soil. It proves that transparent soil can be used as an observable material to simulate natural soil, thus providing an effective method for solving geotechnical engineering problems.



TRANSPARENT SYNTHETIC SOIL FOR MODELING NATURAL SOILS

Transparent soils are made up of transparent particles and pore fluids with a matched refractive index, in which two materials are used to simulated soil particles and water separately. The transparency of the synthetic soil samples depends on the matching of the refractive indices and the absence of impurities and entrapped air. With a perfect matching, there is less refraction and scattering of the light at the solid-liquid interface, which makes the materials more transparent with respect to specific frequency. In addition, small temperature changes significantly affect the refractive index and transparency. So far, transparent synthetic soil can be divided into two parts: one is amorphous silica powder for modeling clay; the other is amorphous silica gel, fused silica, and glass sand for modeling sand.


Amorphous Silica Powder for Modeling Clay

Amorphous silica powder is made up of ultrafine particles and has a two-pore system inside. It is a colorless material, but generally looks like a white powder. This is the result of diffraction or refraction of the light. And the refractive index of silica powder varies from 1.41 to 1.46. This material has been proven to be suitable for modeling natural clay by Iskander et al. (2002a). They prepared the transparent “clay” by consolidating suspensions of amorphous silica powder in a pore fluid with a matching refractive index and studied the geotechnical behavior of transparent amorphous silica. The pore fluid is a 1:1 blend by weight of mineral oil and a normal-paraffinic solvent with a refractive index of 1.447 at 24°C. The density and viscosity of the blend are 800 kg/m3 and 5.0 cP at 24°C, respectively. The test results showed that the typical stress–strain response of the modeling clay is consistent with that of some natural clays (Figure 1), in which FGSP stands for Flo-Gard SP and HST600 stands for Hi-Sil 600 and both of them are amorphous silica power. Besides, the hydraulic conductivities range between 2.3 × 10–7 and 2.5 × 10–5 cm/s and the angles of friction between 21° and 36°. These parameters are within the range of properties for most clays. Iskander and Liu (2003) also conducted a tri-axial test to analyze the properties of amorphous silica powder. It proved the same conclusion that the properties of amorphous silica powder are similar to those of the natural clay (Pillai et al., 2013; Cai et al., 2018).
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FIGURE 1. Stress–strain responses of amorphous silica and some natural clays.




Amorphous Silica Gel for Modeling Sand

Silica gel is an inert and porous medium composed of a vast network of interconnected microscopic pores. It has either a round beaded or granular shape and it is available in sizes ranging from 0.5 to 5 mm. The geotechnical properties of silica gel had been investigated, and Liu et al. (2009) found that this material is suitable for modeling natural sand in measuring 3-D internal soil deformation.

Iskander et al. (2010) prepared the transparent “sand” by, respectively, mixing fine and coarse silica gels with a blend of mineral oil and normal-paraffinic solvent with a refractive index of 1.447 and studied the geotechnical properties of transparent specimens. The test results showed that the stress–strain behaviors of both fine and coarse silica are consistent with typical stress–strain behaviors of natural sands, for both dense and loose conditions. The dense specimens made of fine silica exhibited typical strain softening behavior, especially at low confining pressures. For coarse silica specimens, the peak strength occurred at low strain values, which is more consistent with the behavior of the typical natural sand.

From the triaxial tests, the friction angles of fine silica and coarse silica are 30°−36° and 31°−34°, respectively. What’s more, both the fine and coarse silica gels exhibit a higher compressibility than many natural sands, and this should be considered in model tests (Iskander et al., 2002b). In addition, the dynamic properties of silica gel were studied by Zhao and Ge (2007). They pointed out that silica gel displays similar damping behavior as sand under low confining stress, while it does not show the similarity under the condition of high confining stress. Generally, the dynamic properties of coarse silica are found to follow the common trend in sands and gravels.



Fused Silica for Modeling Sand

Fused silica is a calcined product under high temperature and exhibits low thermal conductivity, excellent thermal stability and excellent optical qualities. The physical properties, including the specific gravity of 2.21, Mohs hardness of 7.0, and PH of 6.0 are extremely similar to natural sands and make fused silica an appropriate material to model natural sands. Compared to the two-pore system amorphous silica, fused silica exhibits a better capacity to model natural sand as its one-pore system is more similar to that of natural soils. In order to study the modeling capacity of fused silica, Cao et al. (2011) investigated the geotechnical properties of transparent soil made of fused silica and a calcium bromide solution with a matching refractive index. The results showed that the physical properties of fused silica, in terms of strength, dynamic elastic, and damping ratios, are extremely similar to those of natural sand. And Chang et al. (2017) found that particle sizes of fused silica influence the measurement accuracy of soil deformation. The results suggested that fused silica was the direct factor to the being of laser speckle field and also principal to the quality of the speckle patterns. Besides, the gray-scale images of small particle sizes in transparent soil test distribute more evenly than those of large particle sizes. Fused silica, therefore, is suitable to model natural sand under a low confining pressure condition and can provide a better modeling capacity than amorphous silica.



Glass Sand for Modeling Sand

Compared to silica gel and other materials mentioned above, glass sand has solid particles with no pores inside and a perfect transparency. A new transparent synthetic soil similar to fused silica can be made of glass sand and pore fluid, a 1:4 blend by weight of twelve alkane and white mineral oil with a refractive index of 1.4585 at 24°C. Because of the different heating technology, the purity of glass sand is higher than fused silica. The transparency of this material is demonstrated in Figure 2, where the de-aired suspension was consolidated in a transparent glass beaker. The deformation properties of this new transparent soil were studied by consolidated undrained and drained triaxial compression tests (Kong et al., 2014). The results showed that, with the increasing of the relative density, the stress–strain behavior transforms from strain hardening to strain softening, and deformation modulus of the glass sand and the pore pressure coefficient decrease. Kong et al. (2016) also analyzed the difference by using different materials of pore fluid with glass sand. Under the confining stress of 100 kPa, the stress–strain curves with different pore fluids. The result suggested that the strength with sucrose is the highest while mixed oil is the lowest. Generally, the new transparent soil, composed of glass sand, twelve alkane, and white mineral oil mixture, is suitable for modeling natural sand and can be used to create a visually accurate representation of the internal conditions within soil mass in geotechnical model tests.


[image: image]

FIGURE 2. Target viewed through transparent soil model: the words are visible through transparent soil model.




APPLICATION OF TRANSPARENT SOIL IN MODELING OF SOIL-STRUCTURE INTERACTION

The continuous deformation measurement of natural soils can be traced back to the 1960s and the 1970s. Bransby and Milligan (1975) and Kirkpatrick and Belshaw (1968) made their first attempt to use X-ray to measure the deformation of interior soil. Orsi et al. (2015) introduced technology of X-ray, CAT scans and MRI scans and other advanced equipments through tracking target particles to obtain the non-intrusive pictures of soil sample. Then the deformation paths of the target particles can be calculated by the deformation analysis techniques. However, the disadvantage is that it is limited by its high cost.

As noted above, various test results indicate that transparent soils exhibit geotechnical properties similar to those of natural soils and can be used to study a wide range of internal soil problems. In the transparent soil techniques, an artificial speckle pattern is generated by the interaction of the laser light and transparent soil. This process relies on an optical system consisting of a laser source, a line-generating lens and a digital camera (Figure 3). Amorphous silica power and silica gel have the same refractive index, which can be used to model stratified conditions in the same model, and the pore fluids, a calcium bromide solution and a 1:1 blend by weight of mineral oil and a normal-paraffinic solvent are not miscible, which permits studying multi-phase flow problems such as the contamination of an aquifer with petroleum products.


[image: image]

FIGURE 3. Schematic diagram showing setup for slicing transparent synthetic soils.


For several years, transparent soils have been successfully applied to investigate geotechnical problems. In their fundamental study of tri-axial tests, Wu (2006) proved that transparent soil was similar to natural soil. In addition, Xiang et al. (2018) studied the influence of surrounding rock strength and depth on the deformation and failure mechanism of shallow tunnels through transparent soil technology.

Recently, the digital image technology and optical equipment have been widely used in industry and academia. Tang et al. (2019) developed a method for automatically generating 3D deformed images of the RACSTC surface under low cyclic loading through digital image technology and optical devices. In addition, research on related issues of lining during tunnel excavation. Based on the simulation experiment, Li Y. et al. (2019) used the digital speckle method to measure the surrounding rock fracture zone of the mixed foundation tunnel, and provided suggestions for different support of different regional design for the whole tunnel support. Particle Image Velocimetry (PIV), one of the digital image measurement techniques, can be used to measure the flow field in fluid mechanics (Adrian, 1991). The measurement of the displacement field is based on image pattern matching, which is a classic pattern recognition technique in which two continuous images are correlated to calculate the relative displacement field between them (Yuan et al., 2017). Thus, in the laterally loaded pile modeling test, both horizontal and vertical soil displacement fields can be computed from two pairs of consecutive images captured during the pile movement. According to it, Yuan et al. (2016) investigated the responses of a laterally loaded pile and sand displacement fields in a model test (Figure 4). The results proved the accuracy of the measurement and the feasibility of solving soil-pile interaction problems. By using this model test with natural sand, the internal displacement field could not be observed though the photos of the surface and vertical profile captured during the loading procedure (Yuan et al., 2019). To overcome the limitation of previous study, transparent soil, combined with the PIV technique, was used to study the interior 2D displacement of the sand around the laterally loaded pile. The interior displacement fields at different depth were calculated, as shown in Figure 5. In terms of foundation deformation and bearing capacity, by combining the technologies of PIV and close-range photography, Qi et al. (2015) made a study on the mechanism of soil deformation, analyzing the soil deformation caused by the shallow foundation settlement and proving the modeling test is feasible.


[image: image]

FIGURE 4. Equipments of the model test.
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FIGURE 5. Displacement vector of the soil around the pile at two depths. (A) Depth of 15 mm and (B) depth of 45 mm.


Using the interior 2D displacement fields of the horizontal and vertical profiles (Figure 6), an improved three dimensional (3D) displacement measuring system has been developed to measure the full 3D displacement fields around a laterally loaded pile in transparent soil. The reconstructive procedure of 3D displacement fields includes interpolation of 2D displacements at the profiles, reconstruction of 3D displacement vectors in the intersection points, and interpolation of 3D displacement in the unknown points. In PIV, the position of soil particles is captured continuously by high-definition camera at different time points (Abdi and Mirzaeifar, 2017). Then, combined with PIV analysis program, the displacement of the same particle between two digital images is calculated, and the instantaneous velocity of particles is calculated with time, so the displacement vector map of particles is obtained (Li H. et al., 2019). Thus, the displacement of the pile and soil can be easily observed and calculated from the laboratory test. Figure 7 shows the variation of displacement of piles under loading and Figure 8 shows the full 3D displacement field and contour plots of three slices of XZ plane in the interior transparent soil around the laterally loaded pile. These figures are keys to solving the pile-soil interaction problem.


[image: image]

FIGURE 6. Set-up of the 3D displacement field test: 1. model pile; 2. wire; 3. strain gauge; 4. pulley; 5. line; 6. weight; 7. bracket; 8. transparent soil; 9. laser irradiating surface. (A) Set-up of the test, (B) front view, and (C) top view.
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FIGURE 7. Variation of the pile displacement under lateral load.



[image: image]

FIGURE 8. 3D displacement field and contour plots of three slices of XZ plane.


In a pull-out study of anchorages, Xia et al. (2017) set comparative modeling tests by using transparent soil. Using the physical modeling test, different ultimate bearing capacities of anchorages can be analyzed. Using transparent soil, Song et al. (2009) analyzed the change of anchoring force based on centrifuge test. The distribution of interior soil deformation on a transverse section perpendicular to the tunnel was studied using transparent synthetic materials (Sun and Liu, 2014), which showed influence zone in a shallow tunnel was very different from that in a deep tunnel. In the study of flow problems, the grout injection into soil and its permeation process were represented visually by using transparent porous media (Liu et al., 2013). With regard to soil-structure interaction, Ni et al. (2009) studied the soil-pile interaction during penetration and compared the test results with the theoretical predictions of the shallow strain path method. Qi et al. (2015) observed the complete curves of buckling of fully embedded slender piles with different constraint types with transparent soil, finally verifying the movement rule of soil unit was agree with the classical Rankine’s earth pressure theory. All these studies demonstrated that transparent soil techniques can be used to study geotechnical problems.

Based on the feasibility of transparent soil in physical models and the ability to visually represent the internal 3D deformation and flow movements non-intrusively, the understanding of internal soil problems such as deformation mechanism within the soil and failure mechanism has been significantly improved. But transparent soil techniques also have problems, which limit the range of application in the study of geotechnical properties and modeling test. Many large geotechnical projects, which are related to solving geotechnical engineering problems, cannot be analyzed with this technique. Besides, making a good transparency of transparent soil is a hard task. Generally speaking, the models used in modeling tests are small-sized. For a large model, getting appropriate transparency of soil will present problems, such as transparency degradation, transparent samples turning yellow with time, the fault in materials. The test accuracy also deserves more investigations in the future. In order to further promote the transparent soil techniques, there is an urgent need to solve these problems.



CONCLUSION

Visual enhancement and representation of deformation and flow characteristics within a soil mass in model tests are possible because the response of a transparent continuum model can be measured using non-intrusive optical visualization techniques. Many tests have been performed to study the geotechnical properties of transparent materials. Utilizing the modern optical systems and the techniques of image processing, the internal deformation of soil can be observed accurately. The results validate the feasibility of transparent soil for modeling natural soil if suitable transparent materials are selected, as summarized in Table 1. Transparent soil technique has been successfully applied to study a wide range of soil-structure interaction. A series of modeling tests show the soil-pile interaction mechanism in the internal soil and other relevant geotechnical engineering projects. With a good understanding of the basic theory, the technique can be further improved for more investigations of internal soil problems. Such as the slurry infiltration mechanism and how the slurry infiltration influences the pore water pressure during the construction of shield tunnel. Thus, the promotion of this technology will certainly make a significant difference in internal soil deformation under all kinds of geological conditions.


TABLE 1. Summary of transparent materials.

[image: Table 1]It is anticipated that transparent soil techniques will play an important role in enhancing the visualization research of soil-structure interaction problems. Therefore, it is suggested to establish a comprehensive test system, including material selection, sample preparation, test index and analog theory.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



AUTHOR CONTRIBUTIONS

BY wrote the manuscript. LX and XG prepared the test. LZ and YZ prepared the application in civil engineering of the transparent soil. GC and WZ wrote and edited the manuscript.



FUNDING

The authors would gratefully like to acknowledge the support provided by the CRSRI Open Research Program (Program SN: CKWV2019745/KY), by the National Natural Science Foundation of China (Nos. 51978177 and 51774107), by the Science and Technology Plan Project of Guangdong Provincial Department of Transportation (2017-02-018), and by Natural Science Foundation of Guangdong Province (Nos. 2018A030313839 and 2016A030310345).


ACKNOWLEDGMENTS

The editorial help from Prof. Galen Leonhardy of the Black Hawk College and Penghui Wen of Guangdong University of Technology is greatly appreciated.


REFERENCES

Abdi, M. R., and Mirzaeifar, H. (2017). Experimental and PIV evaluation of grain size and distribution on soil–geogrid interactions in pullout test. Soils Foundations 57, 1045–1058. doi: 10.1016/j.sandf.2017.08.030

Adrian, R. (1991). Particle-imaging techniques for experimental fluid mechanics. Annu. Rev. Fluid Mech. 23, 261–304. doi: 10.1146/annurev.fluid.23.1.261

Bransby, P., and Milligan, G. (1975). Soil deformations near cantilever sheet pile walls. Géotechnique 25, 175–195. doi: 10.1680/geot.1975.25.2.175

Cai, Y., Hao, B., Gu, C., Wang, J., and Pan, L. (2018). Effect of anisotropic consolidation stress paths on the undrained shear behavior of reconstituted wenzhou clay. Eng. Geol. 242, 23–33. doi: 10.1016/j.enggeo.2018.05.016

Cao, Z., Liu, J., and Liu, H. (2011). “Transparent fused silica to model natural sand,” in Proceedings of the 2011 Pan Am CGS Geotechnical Conference, (Toronto, TO: Canadian Geotechnical Society, 2011).

Chang, Y., Lei, Z., Zhao, H., and Yu, S. (2017). Influences of grain sizes of fused quartz on displacement measurement accuracy of transparent soil. Rock Soil Mech 38, 493–500.

Chen, J., Quan, W., Yao, G., and Cui, T. (2013). Retrieval of absorption and backscattering coefficients from HJ-1A/CCD imagery in coastal waters. Opt. Express 21, 5803–5821. doi: 10.1364/OE.21.005803

Chen, Y., Wang, X., and Chen, L. (2011). Overview on transparent soil and its application in model tests in geotechnical engineering. Adv. Sci. Tech. Water Res. 31, 69–73.

Cui, C., Meng, K., Liang, Z., Xu, C., Yang, G., and Zhang, S. (2018a). Effect of radial homogeneity on low-strain integrity detection of a pipe pile in a viscoelastic soil layer[J]. Int. J. Distribut. Sens. Netw. 14, 1–8.

Cui, C., Meng, K., Wu, Y., Chapman, D., and Liang, Z. M. (2018b). Dynamic response of pipe pile embedded in layered visco-elastic media with radial inhomogeneity under vertical excitation[J]. Geomech. Eng. 16, 609–618.

Iskander, M., Liu, J., and Sadek, S. (2002a). Transparent amorphous silica to model clay. J. Geotech. Geoenviron. Eng. 128, 262–273. doi: 10.1061/(asce)1090-0241(2002)128:3(262)

Iskander, M., Sadek, S., and Liu, J. (2002b). Optical measurement of deformation using transparent silica gel to model sand. Int. J. Phys. Model. Geotech. 2, 13–26. doi: 10.1680/ijpmg.2002.2.4.13

Iskander, M., Sadek, S., and Ge, L. (2010). Geotechnical Properties of Silica Gels. Berlin: Springer, 85–115.

Iskander, M. G., and Liu, J. (2003). Consolidation and permeability of transparent amorphous silica. Geotech Testing J. 26, 390–401.

Kirkpatrick, W. M., and Belshaw, D. J. (1968). On the interpretation of the triaxial test. Géotechnique 18, 336–350. doi: 10.1680/geot.1968.18.3.336

Kong, G., Liu, L., Liu, H., and Cao, Z. (2014). Comparative analysis of the strength characteristics of transparent glass sand and standard sand. J. Build. Mat. 17, 250–255.

Kong, G., Sun, X., Li, H., and Cao, Z. (2016). Effect of pore fluid on strength properties of transparent soil. Chin. J. Geotech. Eng. 38, 377–384.

Li, H., Tang, C., Cheng, Q., Li, S., Gong, X., and Shi, B. (2019). Tensile strength of clayey soil and the strain analysis based on image processing techniques. Eng. Geo. 253, 137–148. doi: 10.1016/j.enggeo.2019.03.017

Li, Y., Tang, X., Yang, S., and Chen, J. (2019). Evolution of the broken rock zone in the mixed ground tunnel based on the DSCM. Tunnel. Undergr. Space Tech. 84, 248–258. doi: 10.1016/j.tust.2018.11.017

Liu, J., Gao, Y., and Sui, W. (2013). “Visualization of grout permeation inside transparent soil,” in Proceedings of the International Conference on Geotechnical and Earthquake Engineering, Vol. 129, (Virgini, VA: ASCE), 188–194.

Liu, J., Zhang, C., Yu, X., Fu, H., and Zhang, J. (2009). “Visualizing 3-D internal soil deformation using laser speckle and transparent soil techniques,” in Proceedings of the Geohunan International Conference: Challenges and Recent Advances in Pavement Technologies and Transportation Geotechnics, (Changsha Hunan: ASCE), 123–128.

Lu, M., Li, D., Jing, H., and Deng, Y. (2019). Analytical solution for consolidation of band-shaped drain based on an equivalent annular drain. Int. J. Geomech. 19:04019043. doi: 10.1061/(asce)gm.1943-5622.0001423

Mandava, S. S., Watson, A. T., and Edwards, C. M. (2010). NMR imaging of saturation during immiscible displacements. Aiche J. 36, 1680–1686. doi: 10.1016/j.mri.2014.01.021

Ni, Q., Hird, C., and Guymer, I. (2009). Physical modelling of pile penetration in clay using transparent soil and particle image velocimetry. Géotechnique 60, 121–132. doi: 10.1680/geot.8.p.052

Orsi, T. H., Aubrey, L., John, N., William, R., and Edwards, C. (2015). “Use of X-Ray computed tomography in the study of marine sediments,” in Proceedings of the Civil Engineering in The Oceans V International Conference, (College Station, TX: American Society of Civil Engineers).

Pillai, R. J., Bushra, I., and Robinson, R. G. (2013). Undrained triaxial behavior of cement treated marine clay. Geotech. Geol. Eng. 31, 801–808. doi: 10.1007/s10706-012-9605-3

Qi, C., Chen, Y., Wang, X., and Zuo, D. (2015). Physical modeling study on buckling of slender pile using transparent soil. Chin. J. Rock Mech. Eng. 34, 1–10.

Qi, C., Zheng, J., Zuo, D., and Chen, G. (2017). Measurement on soil deformation caused by expanded-base pile in transparent soil using particle image velocimetry (PIV). J. Mountain Sci. 14, 1655–1665. doi: 10.1007/s11629-016-4025-0

Song, Z., Hu, Y., Oloughlin, C., and Randolph, M. (2009). Loss in anchor embedment during plate anchor keying in clay. J. Geotech. Geoenviron. Eng. 135, 1475–1485. doi: 10.1061/(asce)gt.1943-5606.0000098

Suits, L. D., Sheahan, T. C., Iskander, M., and Liu, J. Y. (2010). Spatial deformation measurement using transparent soil. Geotech. Test. J. 33, 314–321.

Sun, J., and Liu, J. (2014). Visualization of tunnelling-induced ground movement in transparent sand. Tunnel. Undergr. Space Technol. 40, 236–240. doi: 10.1016/j.tust.2013.10.009

Tang, Y., Li, L., Wang, C., Chen, M., Feng, W., Zou, X., et al. (2019). Real-time detection of surface deformation and strain in recycled aggregate concrete-filled steel tubular columns via four-ocular vision. Robot Comput.Integr. Manuf. 59, 36–46. doi: 10.1016/j.rcim.2019.03.001

Wang, Y., Guo, P., Dai, F., Li, X., Zhao, Y., and Liu, Y. (2018). Behavior and modeling of fiber-reinforced clay under triaxial compression by combining the superposition method with the energy-based homogenization technique. Int. J. Geomech. 18:04018172. doi: 10.1061/(asce)gm.1943-5622.0001313

Wang, Y., Guo, P., Ren, W., Yuan, B., Yuan, H., Zhao, Y., et al. (2017). Laboratory investigation on strength characteristics of expansive soil treated with jute fiber reinforcement. Int. J. Geomech. 17:04017101. doi: 10.1061/(asce)gm.1943-5622.0000998

Wang, Y., Shan, S., Zhang, C., and Guo, P. (2019). Seismic response of tunnel lining structure in a thick expansive soil stratum. Tunnel. Undergr. Space Technol. 88, 250–259. doi: 10.1016/j.tust.2019.03.016

Wong, R. C. K. (1999). Mobilized strength components of Athabasca oil sand in triaxial compression. Can. Geotech. 36, 718–735. doi: 10.1139/cgj-36-4-718

Wu, M. (2006). Study on Transparent Synthetic Sand and Its Triaxial Test. Master Dissertation, Dalian University of Technology, Dalian.

Xia, Y., Chen, C., and Ni, Q. (2017). Comparative modelling of pull-out process of four different anchorages by using transparent soil. Chin. J. Geotech. Eng. 39, 399–407.

Xiang, Y., Liu, H., Zhang, W., Chu, J., Zhou, D., and Xiao, Y. (2018). Application of transparent soil model test and DEM simulation in study of tunnel failure mechanism. Tunnel. Undergr. Space Techonol. 74, 178–184. doi: 10.1016/j.tust.2018.01.020

Yuan, B., Chen, R., Li, J., Wang, Y., and Chen, W. (2016). A hydraulic gradient similitude testing system for studying the responses of a laterally loaded pile and soil deformation. Environ. Earth Sci. 75, 1–7.

Yuan, B., Sun, M., Wang, Y., Zhai, L., Luo, Q., and Zhang, X. (2019). Full 3D displacement measuring system for 3D displacement field of soil around a laterally loaded pile in transparent soil. ASCE. Int. J. Geomech. 19:04019028. doi: 10.1061/(asce)gm.1943-5622.0001409

Yuan, B., Xu, K., Wang, Y., Chen, R., and Luo, Q. (2017). Investigation of deflection of a laterally loaded pile and soil deformation using the PIV technique. Int. J. Geomech. 17:04016138. doi: 10.1061/(asce)gm.1943-5622.0000842

Zhao, H., and Ge, L. (2007). “Dynamic properties of transparent soil,” in Dynamic Response and Soil Properties, ASCE Geotechnical Special Publication No. 160, eds M. M. Dewoolkar and J. P. Koester (Virginia, VA: ASCE).

Zhao, Y., Wang, Y., Wang, W., Tang, L., Liu, Q., and Cheng, G. (2019). Modeling of rheological fracture behavior of rock cracks subjected to hydraulic pressure and far field stresses. Theor. Appl. Fracture Mech. 101, 59–66. doi: 10.1016/j.tafmec.2019.01.026

Zhao, Y., Wang, Y., Wang, W., Wan, W., and Tang, J. (2017). Modeling of non-linear rheological behavior of hard rock using triaxial rheological experiment. Int. J. Rock Mech. Min. Sci. 93, 66–75. doi: 10.1016/j.ijrmms.2017.01.004

Zhao, Y., Zhang, L., Wang, W., Pu, C., Wan, W., and Tang, J. (2016). Cracking and stress–strain behavior of rock-like material containing two flaws under uniaxial compression. Rock Mech. Rock Eng. 49, 2665–2687. doi: 10.1007/s00603-016-0932-1

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 © 2019 Yuan, Xiong, Zhai, Zhou, Chen, Gong and Zhang. 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: 24 October 2019
doi: 10.3389/feart.2019.00270





[image: image]

Theoretical Analysis of Longitudinal Wave Attenuation in a Stressed Rock With Variable Cross-Section

Wei Yuan1, Jiefang Jin1*, Zhongqun Guo1 and Yue Wu2

1School of Architecture and Surveying Engineering, Jiangxi University of Science and Technology, Ganzhou, China

2Faculty of Resource and Environmental Engineering, Jiangxi University of Science and Technology, Ganzhou, China

Edited by:
Yixian Wang, Hefei University of Technology, China

Reviewed by:
Jian Liu, University of Technology Sydney, Australia
Zhiqiang Yin, Anhui University of Science and Technology, China

*Correspondence: Jiefang Jin, jjf_chang@126.com

Specialty section: This article was submitted to Earth and Planetary Materials, a section of the journal Frontiers in Earth Science

Received: 02 September 2019
Accepted: 30 September 2019
Published: 24 October 2019

Citation: Yuan W, Jin J, Guo Z and Wu Y (2019) Theoretical Analysis of Longitudinal Wave Attenuation in a Stressed Rock With Variable Cross-Section. Front. Earth Sci. 7:270. doi: 10.3389/feart.2019.00270

In this work, the longitudinal wave propagation in stressed rock with variable cross-section is investigated analytically. Considered the stress-sensibility of dynamic elastic modulus and the viscosity of rock, a modified viscoelastic stress-strain relationship is established. Based on the continuity equation, motion equation and stress-strain relation equations, the wave propagation equation for a stressed rock with variable cross-section is obtained. The harmonic wave propagation is discussed in detail by calculating the attenuation coefficient in amplitude. The combined effects of static stress and geometry on the wave attenuation are analyzed. The results show that due to the variable static stress along the propagation path, the wave attenuation is space-dependent, and the distribution of attenuation coefficients may be remarkably different under different levels of static stress. The wave attenuation in a stressed rock with variable cross-section is also frequency-dependent, and the influence of static stress on the lower-frequency wave components is more obvious compared with that on the higher-frequency wave components. Comparing the wave attenuation among rocks with three different geometries, we conclude that the wave attenuation depends on actual normal static stress, the cross-sectional areas and the changing rates of cross-sectional area.
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INTRODUCTION

Natural rock mass consists of rock blocks and discontinuous interfaces (e.g., joints and fractures). In some special in situ stress field, conjugate joints, namely one type of the shear joints, are conceived and sprout. Distinguished from those the rock blocks between parallel joints, the shapes of rock blocks between conjugate joints are variable. This caused the variation of areas of cross-sections perpendicular to the wave propagation path, and it is believed to have an effect on wave propagation. On the other hand, rock masses are naturally stressed by gravitational and tectonic stress. The initial stress conditions may affect the property of rock, and therefore, affect the dynamic response of and wave propagation in rock. To deeply understand the wave propagation in natural rock blocks, it is necessary to explore the combined effects of geometry and static stress on the wave propagation. However, related researches have been rarely reported.

Many efforts have been made to explore the wave propagation in rock mass, and previous works mainly focus on the wave transmission across a joint or a fracture (Ma et al., 2011; Wu et al., 2013a, b, 2014; Chen et al., 2015). Notably, in the literatures, the rock blocks are generally believed to be elastic, and only the attenuation across the rock joints are considered. However, wave energy dissipation usually occurs in the rock blocks due to the existence of microcracks, micropores and viscosity (Fan et al., 2012). In addition, the geometry of research object is also a non-negligible factor affecting the wave propagation. Several researchers (Benveniste, 1975; Moodie and Barclay, 1975; Shorr, 1995) explored the wave propagation in rods with variable cross-section theoretically. Akkas et al. (1980) and Barez et al. (1980) carried out the wave propagation experiments in rods with variable-section for the first time, and the analytical predication of wave propagation was also presented. Dose and Skews (2014) also observed the shock wave propagation in the shock tube with decreasing areas. Fu and Scott (1994) analyzed the propagation of a simple wave and shock wave in a semi-infinite rod with a slowly varying cross-sectional area. Gan et al. (2014) investigated the frequency-dependent propagation of a P-wave in an elastic rod with a variable cross-section.

The mechanical behaviors of rocks under coupling static and dynamic loads have been systematically investigated (Li et al., 2008, 2009, 2018; Gong et al., 2010; Tao et al., 2017; Weng et al., 2018). They observed that the dynamic compressive strength, dynamic elastic modulus, failure mode and energy absorption of rocks are significantly influenced by the static stress. Notably, at a lower level of static stress, the dynamic compressive strength and deformability are strengthened, while they are degraded under a higher stress condition. In the aspect of wave propagation, considering the compressibility of filled joint, Li et al. (2010) and Fan and Sun (2015) investigated the wave energy transmission across the joint in a static stressed rock mass analytically. The wave speed is a basic wave parameter of rock, and numerous research works showed that the prestress alters the wave speed of rock due to the closure and opening of interior micropores and/or microcracks (Holt et al., 1997; Selim and Ahmed, 2006; Grana, 2016; Sahane et al., 2016). Li and Tao (2015) investigated the effects of the initial stress and initial stress gradient on the wave propagation, and the results showed that homogenous stress affects the elastic coefficients of medium while the 1D P-wave equation is unchanged in form. Liu et al. (2012) explored the effect of stress on the phase velocity, group velocity, energy reflection and refraction coefficients of plane wave at the interface between fluid and stressed rock. Notably, the previous works mainly focus on the effect of homogeneous prestress on wave propagation in a rock. However, for a static stressed rock block with variable cross-section, the initial stresses are axial gradient. The combined effects of the static stress and variable cross-section on wave propagation have been rarely reported yet.

The present work provides a theoretical exploration of wave propagation in a static stressed rock with variable cross-section. Firstly, the 1-D longitudinal wave propagation equation considering the combined effects of the static stress and variable cross-section is established. To reflect the closure and opening of interior micropores and/or microcracks under the effect of static stress, the key point in the establishment of wave propagation equation is summarizing stress-dependent dynamic elastic modulus. The energy dissipation is reflected by the employed modified viscoelastic model. Then, the attenuation coefficients in amplitude of 1-D harmonic wave are calculated based on the established wave propagation equation. Finally, the combined effects of static stress and variable cross-section on both amplitude attenuation and its frequency-dependence are discussed.



ESTABLISHMENT AND SOLUTION OF WAVE EQUATION


Establishment of Wave Equation

Figure 1 displays the physical problem that the stress wave propagates in a stressed rod with variable cross-section. This work assumes that the static and dynamic stresses in an arbitrary section of the rod are homogenous, and the lateral deformation of the rod is neglected. In this way, the wave propagation in the rod is supposed to be a problem of 1-D longitudinal wave propagation. In classic theory of wave propagation, 1-D wave propagation equation describes the wave propagation in medium analytically. The establishment of wave propagation equation is generally based on the continuity equation, motion equation and stress-strain relation equations. The strain and particle velocity are the first derivatives of the displacement u with respect to spatial variable x and temporal variable t, respectively. According to the conditions of both single-value and continuity of the displacement, the continuity equation as Eq. 1 can be obtained.

[image: image]
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FIGURE 1. Sketch map of a pre-stressed rod with variable cross-section under coupling static-dynamic loads.


where v is the particle velocity; ε is the strain; and x, t are the spatial and temporal variables, respectively.

To obtain the motion equation, we choose a micro element with a width of dx from the rod shown in Figure 1 as the research object. According to the Newton’s second law, the motion equation can be written as following:

[image: image]
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where A(x) is the cross-sectional area; ρ is the mass density of medium; and σ denotes the stress. The subscripts “d” and “s” represent dynamic and static, respectively.

Expanding Eq. 2 and ignoring the higher-order infinitesimal with respect to spatial variable x yields Eq. 3 as following:

[image: image]

where F represents the axial static force, and it is a space- and time-independent constant. Then, the motion equation of the physical problem shown in Figure 1 can be expressed as following:

[image: image]

As respect to different medium, the continuity equations and motion equations are similar, while the stress-strain relation equations may be remarkably different; therefore, the wave propagation equations are also different. To describe the wave propagation correctly, it is a crucial issue to establish the proper equation of stress-strain relation describing the variation in force versus deformation.

Intact rocks with natural micro defects, e.g., micropores and microcracks, behave non-linearly in mechanics (Jaeger et al., 2007). During the process of uniaxial compression, the volume percentage of defects decreases in the initial stage of compressive deformation due to the closure of natural micropores and microcracks (Hudson and Harrison, 2005); subsequently, it remains nearly constant close to zero in the intermediate stage because the closure of micropores and microcracks reaches a maximum. Finally, the volume percentage of defects increases again due to the initiation and propagation of stress-induced cracks. The volume of these interior defects is sensitive to the variation in the uniaxial stress; moreover, the dynamic compressive strength and deformability of rock are determined by the compaction of defects to some extent. Naturally, for the physical problem shown in Figure 1, the static stress can alter the dynamic elastic coefficients of rock, and then, the wave propagation in rock is remarkably different compared with that under unstressed condition.

In the present work, the stress-strain relation of rock is described using a modified viscoelastic constitutive model. As is shown in Figure 2, the rock is assumed as a composition of the porous elastic body in parallel with the Newtonian viscous body. For the porous elastic body, the dynamic elastic modulus E(σs) changes with the static stress. And for the Newtonian viscous body, the viscosity coefficient η is assumed as a constant whatever the static stress is. Then, the dynamic stress-strain relation can be expressed as Eq. 5
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FIGURE 2. Simplified mechanical model of a rock.


where ε is the dynamic strain, η denotes the viscosity coefficient, t is the time variable, and E(σs) is the dynamic elastic modulus related to the static stresses, when σs = 0, it is the initial dynamic modulus E0.

Similarly with the expression of the elastic coefficient for damage body, to describe the variation in dynamic elastic modulus of the porous body in Figure 2 versus static stresses, the E(σs) is written as following:

[image: image]

where δ(σs) is an employed variation coefficient of the dynamic modulus, and its value is mainly related to the actual static stress. Within a lower stress, the internal micropores and microcracks are compressed, and the negative values of δ(σs) represent the strengthened dynamic elastic modulus. The initiation and propagation of stress-induced microcracks occurs once the stress level is over the elastic limitation of the rock, correspondingly, the positive values of δ(σs) indicate the weakened dynamic elastic modulus under higher static stresses.

For a stressed rock with variable cross-section, the normal static stress is correlated with the spatial variable x, therefore, the dynamic elastic modulus also changes with x. By taking derivative with respect to x, Eq. 5 can be deformed into Eq. 7 as following:

[image: image]

Substituting Eqs 5 and 7 into Eq. 4 yields:
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Equation 8 is the one-dimensional longitudinal wave equation of a stressed rock with variable cross-section. And we can see that if the dynamic modulus is a stress-independent constant and the viscosity coefficient η = 0, Eq. 8 will degrade into the wave equation of an elastic bar with variable cross-section.



Solution to the Wave Equation

To obtain the analytical solution of the one-dimensional longitudinal wave equation, many methods such as the separation of variables, traveling wave approach, Fourier transform method, Laplace transform method and so on have been introduced. Notably, Eq. 8 is a homogeneous partial differential equation with variable coefficients, it is difficult to obtain the accurate analytical solution to this equation, and the effective methods to solve it have been rarely reported. In this work, an attempt to consider the harmonic wave propagation in a stressed rock with variable cross-section is conducted.

The particle displacement u(x, t) is assumed as Eq. 9 as following,
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where u0 is the initial amplitude of displacement, k denotes the wave number, ω is the angular frequency, and i is the imaginary unit. α is the variation coefficient of particle displacement amplitude. Notably, α is a comprehensive characterization of geometric and physical effect, which is different from the attenuation coefficient for a rock with constant cross-sectional areas. When the wave propagates from the end with smaller cross-section to the end with larger cross-section, the value of α is positive and it is named spatial attenuation coefficient in amplitude (SAC); otherwise, α is called spatial increase coefficient in amplitude (SIC).

Substituting Eq. 9 into Eq. 8 yields:
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where [image: image].

To satisfy the equilibrium of Eq. 10, the real and imaginary parts of both sides should be equal, respectively. Therefore, we can obtain two equations related to variables α and k as following:
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The analytical solution of unknown variables α and k can be solved by uniting Eqs. 11a and 11b. However, the solutions of α and k are complicated in form; therefore, for convenience of description, the numerical results are straightly presented in next sections.



RESULTS AND DISCUSSION

This section presents the effects of static stress and variable cross-section on the space- and frequency-dependent variation coefficients of particle displacement amplitude in a rock. The wave propagation in rocks with exponentially increasing areas is mainly discussed, and the differences of wave propagation caused by changing form of cross-sectional areas are also considered.

In the present work, main parameters utilized in the numerical calculation include: the mass density is ρ = 2388 kg/m3, the initial dynamic elastic modulus is E0 = 20 GPa, and the viscosity coefficient is η = 60 MPa s. The axial calculation length of the rock is L = 1.5 m. The radius of an arbitrary cross-section of the rock is assumed as an exponential function with respect to the spatial variable x as following,
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where r(x) denotes the radius of an arbitrary cross-section along the propagation path. r0 and rL are the radius of cross-sections at x = 0 and x = L, respectively. L is the axial calculation length of a rock. γ is a dimensionless parameter correlated with r0 and rL, and it is employed to describe the variation magnitude of radius along the propagation path.

In Gong’s work (Gong et al., 2010), axial static stresses including σs = 0 MPa, σs = 60 MPa, σs = 80 MPa and σs = 90 MPa were applied to the sandstone specimens, and it is observed that the dynamic elastic modulus of the sandstone under σs = 60 MPa increases by approximately 56% of the modulus under σs = 0 MPa. While the axial static stress is 80 and/or 90 MPa, the dynamic modulus decreases reversely. The dynamic elastic modulus may undergo a non-linear variation of “from increase to decrease” during the increasing in the axial static stress. In the present work, to describe this characteristic of dynamic elastic modulus quantitatively, the variation coefficient δ(σs) of dynamic elastic modulus is assumed as Eq. 13.

[image: image]

where a and b are empirical coefficients, and –b/2a means the elastic limitation of rock. In this work, a is assigned a value of 0.0018, and b is assigned a value of –0.053. σc denotes the uniaxial compressive strength (UCS).


Effect of Static Stress on the Wave Attenuation

In blasting excavation engineering, the damage of surrounding rock is straightly related to the amplitudes of blasting waves. To design proper blasting hole spacing and assess the safety of surrounding rock, it is a significant issue to predict the variation of wave amplitudes versus traveling distance.

By fixing the angular frequency of waves to ω = 628.3 Hz and the radiuses of both end sections to r0 = 0.025 m, rL = 0.09 m, the changing trends of SAC versus static stresses are presented in Figure 3. Notably, the variable of horizontal axis σs is the normal static stress at the smaller end section.


[image: image]

FIGURE 3. Variation in spatial attenuation coefficient versus static stress.


Figure 3 shows that, with the increase in static stress, the SAC decreases within a lower level of static stress. When the static stresses increase to a higher level, the SAC keeps increasing. The reason for this result can be derived from the variation of dynamic modulus versus axial compression. According to Eqs 6 and 14, with the increase in uniaxial static stresses, the dynamic elastic modulus of rock tends to increase first, and then decreases. Within a lower level of uniaxial static stress, the closure of internal voids and cracks in the rock is strengthened, leading to an increase in dynamic elastic modulus. Furthermore, the elastic wave velocity is positively correlated with the dynamic elastic modulus. As a result, the wave energy dissipation decreases with the increase in static stress, which can be reflected from the attenuation of amplitudes. On the contrary, under a higher level of uniaxial static stress, the internal damage causing from initiation and propagation of new micro cracks begins to increase, and the dynamic elastic modulus of the rock gradually decreases. Correspondingly, the wave energy dissipation and amplitude attenuation start to increase.

Additionally, Figure 3 also reveals that the changing processes of SAC at different traveling distance x are also different. Under a certain normal static stress, the actual normal static stress in an arbitrary section is negatively correlated with the traveling distance. The smaller the traveling distance is, the larger the normal static stress of the cross-section is. Therefore, the variation ranges of actual static stress at different cross-sections are different, leading to the different dynamic elastic modulus at different cross-sections. Differences in actual stress result in the different changing process of SAC.



Space-Dependent Wave Attenuation

Due to the continuously changing cross-sectional areas, the actual static stresses vary along the propagation path. The influences of static stress on the wave attenuation are different at different traveling distance. To predict the amplitudes accurately along the propagation path, it is another important issue to investigate the space-dependent attenuation of wave propagation in rock with variable cross-section.

The calculated SAC at different traveling distance under different static stresses are presented in Figure 4. As can be seen from this figure, when the rock is unstressed, the SAC is a constant along the propagation path, and the amplitude attenuation is only related to the geometry and viscosity of the rock. As the static stresses increase, the variation of SAC along the propagation path occurs. In terms of the varying magnitude of the spatial attenuation coefficient, Figure 4 shows that the smaller the traveling distance, the more the variation in spatial attenuation coefficient. Apparently, under the same σs, the actual normal stresses in sections near the smaller end are higher than the stresses in sections near the larger end. Therefore, the dynamic elastic modulus and spatial attenuation coefficients change more obviously in sections near the smaller end.
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FIGURE 4. Spatial attenuation coefficients versus traveling distance.


On the other hand, as is shown in Figure 4, under a lower uniaxial static stress, such as σs = 2.55 and 5.09 MPa, the SAC keep increasing along with the traveling distance. However, when the static stress reaches a higher level, such as σs = 10.19 and 17.83 MPa, the variation of SAC appears a characteristic of “from decrease to increase” along the propagation path. This result is also possibly related to the actual stress in different sections along the propagation path.

By fixing the radius of the smaller end section to r0 = 0.025 m and changing the larger radius rL, the SAC at different traveling distance are calculated and their variations along with the static stress are shown in Figure 5. It can be observed that the higher the value of γ, the larger the spatial attenuation coefficient. The reason for this result is that the SAC is positively correlated with the changing rate of cross-sectional area; and the higher the value of γ, the larger the changing rate of cross-sectional area. The variation characteristics in SAC along the propagation path are similar although the values of γ are remarkably different, while the variation magnitude is positively correlated with γ.


[image: image]

FIGURE 5. Spatial attenuation coefficient versus traveling distance at different γ. (A) γ = 2.0; (B) γ = 2.8; (C) γ = 3.6; (D) γ = 4.8. (σs = 5.09 MPa).




Frequency-Dependent Wave Attenuation

The blasting waves and or seismic waves are generally composed of many components with different frequencies. Frequency-dependent attenuation of wave propagation is a common characteristic in viscoelastic medium. It is common that the higher the frequency of wave component, the more susceptible the attenuation is (Kjartansson, 1979; Jones, 1986; Zhou et al., 2016). However, whether the influence of the uniaxial static stress on the attenuation of different wave components is similar or not is a rarely covered issue.

Figure 6 plots the variation in spatial attenuation coefficient along with the traveling distance under different frequency conditions. Obviously, the SAC of lower-frequency wave are smaller than that of higher-frequency wave. It means that the attenuation of wave propagating in the rock rod is frequency-dependent. In addition, the variation magnitude of SAC along the propagation path is correlated with the wave frequency. For instance, when the angular frequency ω is 628.3 and 1256.6 Hz, the spatial attenuation coefficients increase sharply as the traveling distance increases. However, when angular frequency ω increases to 3141.6 or 6283.2 Hz, the variation of SAC along the propagation path is trivial.


[image: image]

FIGURE 6. Frequency-dependent spatial attenuation coefficients versus traveling distance (σs = 5.09 MPa).


Figure 7 presents the variation in spatial attenuation coefficients of harmonic waves with different frequencies versus static stress. Similarly with Figures 6, 7 also show that the high-frequency waves are more susceptible to attenuate compared with the low-frequency ones. Additionally, as can be seen from this figure, under a lower frequency (e.g., ω = 628.3 Hz), the variation characteristic of “from decrease to increase” in SAC is apparent. With the frequency increasing, the variation magnitude of spatial attenuation coefficient decreases sharply. When the angular frequency ω is 6283.2 Hz, the effect of uniaxial static stress on the spatial attenuation coefficient is almost trivial.


[image: image]

FIGURE 7. The variation in spatial attenuation coefficient versus static stress under different frequencies (x = 0.5 m).


As is shown in Figure 8, the SAC generally increases with the increase in frequency. Within a lower frequency band (ω < 5 kHz), the variation of wave attenuation is gentle; on the contrary, within a higher frequency band, the spatial attenuation coefficients increase sharply. Additionally, within a lower frequency band (ω < 5 kHz), when the rock is unstressed, the attenuation coefficient is nearly a constant. As the static stress increases, the variation as is described above gradually occurs. The effect of uniaxial static stress on the variation in spatial attenuation coefficient is more remarkable compared with that of higher frequency. And the lower the frequencies of the harmonic waves are, the more apparent the changes of spatial attenuation coefficient are.


[image: image]

FIGURE 8. Frequency-dependent spatial attenuation coefficients (x = 0.2 m).




Effect of Geometry on the Wave Attenuation

Based on the results presented above, the variation of spatial attenuation coefficient is straightly correlated with the actual normal stress. The geometry of natural rock block is various, and the variation type of cross-section is various. For the convenience of investigation, the simplification of geometry of rock block is necessary. In this work, the intact rock blocks with different geometries are abstracted as concave, straight and convex rods as shown in Figure 9. As respect to rock with a circular cross-section, the radius of cross-section is chosen to describe the radial size of the rock, and the varying rules of radius along the propagation path decide the distribution of normal static stress. In this section, the differences of wave attenuation in concave, straight and convex rock bars are discussed in detail.


[image: image]

FIGURE 9. Schematic illustration of diffuse rock rod with variable cross-section. Because the rock rod is axisymmetric, only a half of the rock is presented. Type A: concave rod, the relation between the radius and the traveling distance is r(x) = r0exp[xln(rL/r0)/L]; Type B: straight rod, the relation between the radius and the traveling distance is r(x) = r0 + (rL−r0)x/L; Type C: convex rod, the relation between the radius and the traveling distance is r(x) = r0 + (rL−r0)(x/L)1/3.


As is shown in Figure 9, three types of varying rules of radius are mainly considered in this work. For type A, the rock is a concave rod and the relation between radius and traveling distance is assumed as r(x) = r0exp[xln(rL/r0)/L]. For type B, the rock is a straight rod and the radius increases linearly with the increase in traveling distance, and the expression of radius of an arbitrary cross-section is shown in Eq. 14. As for type C, the rock is a convex rod and the relation between radius and traveling distance can be expressed as Eq. 15. From Figure 9, it is not hard to learn that the changing rates in radius of all types of rock are different at the same travel distance.
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Figure 10 provides a comparison of spatial attenuation coefficients in different types of rock bars. Apparently, the wave attenuation is related to the changing rules in the radius along the propagation path. In the area near the smaller end, the changing rate in the radius of the convex rock rod is the biggest, and the wave attenuation of the convex rock is also the most serious. On the contrary, in the area near the larger end, the SAC of the concave rock rod is higher than that of the straight and convex rock rod. As the traveling distance of harmonic wave increases, in the area near the smaller end of the convex rock rod, the variation in SAC appears a characteristic of sharp decreasing; however, the SAC decreases gently in the area near the larger end. Comparing Figures 10A–C, we can see that obvious differences in the spatial distribution of the attenuation coefficient do not occur even though the static stress increases.


[image: image]

FIGURE 10. Spatial attenuation coefficient versus traveling distance in concave, straight and convex rock bars (r0 = 0.025 m, rL = 0.09 m, ω = 628.3 Hz) (A) σs = 2.55 MPa; (B) σs = 5.09 MPa; (C) σs = 10.19 MPa.


However, the changing rules in radius have a remarkable influence on the variation of wave attenuation versus static stress. As is presented in Figure 11, at the same traveling distance, the SAC of the concave and straight rock undergo a changing process of “from decrease to increase”; while the variation in attenuation coefficient of convex rock appears a characteristic of “monotonically decreasing.” As is shown in Figure 9, both of the radius and cross-sectional area in the convex rock are bigger than those of the concave and straight rocks at the same traveling distance x (0 < x < L), therefore, the actual normal stresses in the convex rock are lower than that of the others at the same location. The difference of actual normal stress results in the difference of variation in wave attenuation.


[image: image]

FIGURE 11. Comparison of variation in the spatial attenuation coefficient versus the static stress (x = 0.2 m, r0 = 0.025 m, rL = 0.09 m, ω = 628.3 Hz) (A) Concave rock bar; (B) Straight rock bar; (C) Convex rock bar.


Comparing the results in Figures 10, 11, we can draw a conclusion that both of the static stress and variable cross-section have a significant effect on the wave attenuation in the rock. The spatial distribution of the attenuation coefficient is mainly decided by the changing rules in the radius of a cross-section. While the variation of the spatial attenuation coefficient is mainly affected by the actual normal stress, and the distribution of the actual normal stress is also dependent on the changing rules of the radius of a cross-section. Overall, the variable cross-section is the root cause of variation in wave attenuation.



CONCLUSION

In this work, the wave equation in a stressed rock with variable cross-section is established on the basis of a modified constitutive model of the viscoelastic body. The spatial attenuation coefficients in amplitude of harmonic waves propagating in the rock are investigated by numerical calculation.

It is concluded that the amplitude attenuation in of lower-frequency waves decreases first within a lower static stress range; while the static stress is sufficiently large, the wave attenuation increases reversely. The variable normal static stresses along the propagation path result in the space-dependent attenuation coefficients. Additionally, the variation characteristics of space-dependent attenuation coefficient along the propagation path are different under different levels of static stress.

The wave attenuation in a stressed rock with variable cross-section is frequency-dependent. Lower-frequency harmonic waves are susceptible to be affected by static stress. When the frequency is sufficiently high, the spatial attenuation coefficients increase sharply, however, the effect of static stress on wave attenuation can be neglected.

The changing rules in the radius of cross-section also have an effect on the wave attenuation. The spatial distribution of the attenuation coefficient and its variation versus static stress are dependent on the distribution of actual normal static stress, the cross-sectional areas and the changing rates of cross-sectional area.
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To get a better understanding of failure mechanism of slopes in soils that exhibit expansive characteristics subjected to any type of inundations, particularly, when the soils switch from unsaturated to saturated states, the field study may severe as a rather effective method for providing the most representative information. However, field investigation is usually time-consuming and expensive. While, numerical simulation provides a faster way for producing quantitative interpretation of several complicated mechanisms. In this paper, a field experiment is studied numerically, which involves simulation of water flow within the slope profile by finite element method, followed by quantification of the stability of potential failure mass by the classic slices Method. Special emphasis is placed on the effects of cracks on the flow behavior in the shallow layer, which is one of the most essential characteristics in expansive soils. The Bimodal Soil Water Characteristic curve, together with the Bimodal permeability functions, is found to be more effective in reproducing the change of flow regime (pore water pressure and water content) from the finite element water flow analyses, in comparison to the Unimodal functional properties. The stability analyses illustrate that the shear behavior of soils within the shallow layer should be better described by strength parameters measured under lower confining pressure close to the field conditions. This implies the actual mobilized shear strength of expansive soils in shallow layer should be better modeled with a non-linear strength model that is able to accommodate the low stress conditions.

Keywords: slope stability, expansive soil, rainfall infiltration, limit equilibrium method, suction


INTRODUCTION

Expansive soils that swell significantly upon wetting and shrink during drying are found on every continent. Instability of slopes constructed of expansive soils are frequently reported in many countries around the world. The key triggering factor of expansive soil slopes failure is primarily the water infiltration due to snow melting or rainfall during wet season. Although the infiltration-induced failures usually have a shallow slip surface, it still can cause distress to the nearby infrastructures and contribute to huge economic losses (Wang et al., 2017). Understanding the failure mechanism of expansive soil slopes remains one of greatest challenges to both the researchers and the practitioners (Bao and Ng, 2000; Ng et al., 2003).

For example, in China, hundreds and thousands of expansive soil slopes have been formed either from the natural terrain or from excavations for supporting the growing needs of the increasing engineering activities in recent years. Over the same time period, the failures of expansive soils slopes and the associated destructive consequences have also been frequently reported, of which the fundamental mechanism is quite complicated. Several field tests were conducted to study the responses and behaviors of expansive soil slopes subjected to rainfall infiltration in China (Zhang et al., 2010; Cheng et al., 2011). Lessons learnt from these field tests were then used as guidelines in the design of the infrastructure in expansive soils area, for example, the world’s greatest water transfer project, the South-to-North Water Transfer Project (SNWTP), which involves many canals formed by excavation in expansive soil areas (Ng et al., 2003; Zhan et al., 2007; Zhang et al., 2010). These slopes investigated were usually well instrumented to monitor the changes in pore water pressure, suction, stress regime within the potential failure mass, and rainwater infiltration intensity on the slope ground surface, etc. The suction loss and engineering property degradations (i.e., decrease in shear strength and increase in permeability) of expansive soil resulting from environmental changes were identified as the key factors that contribute to expansive soil slopes failure.

In situ tests are costly and usually require a long period of time. Comparatively, numerical analysis is a cheaper and fast alternative to investigation of the behaviors of expansive soil slopes to various infiltration conditions. Several researchers (Alonso et al., 2003; Rouainia et al., 2009; Hamdhan and Schweiger, 2012; Qi and Vanapalli, 2016) used the advanced numerical techniques to simulate the field studies from the literature, most of which were based on saturated-unsaturated seepage analyses. One of the most striking findings is the importance of selecting proper hydraulic properties of the soil, in particular, when the soil structure is altered by environmental factors. For example, Qi and Vanapalli (2015a, b) recently suggested that the hydraulic behavior of cracked expansive soils might be better described using the bimodal soil-water characteristic curve (SWCC), together with a bimodal permeability function. The development of cracks, due to shrinkage-swelling of soils induced by drying-wetting cycles (Wang et al., 2019), is one of the most common issues concerned in expansive soil slopes, i.e., the soil cracking is a typical consequence of cyclic variations of water content. The mechanical cracking can, in turn, affect significantly the soils’ hydraulic properties/responses, and can gradually induce the deterioration of soil’s mechanical properties. This series of chain reactions involves complicated hydro-mechanical coupling that is highly non-linear in terms of the mathematical description (e.g., for both the shear strength and the hydraulic properties).

This paper will focus on the non-linear hydraulic behavior of cracked soils using the non-linear Bimodal hydraulic models. Starting from this perspective, numerical simulations are performed to investigate the hydro-mechanical response of expansive soil slope to rainfall, and to study its influence on slope stability based on the non-linear the shear strength behavior. In particular, the hydraulic behavior of an expansive soil slope under an artificial rainfall condition at an in situ test presented by Zhang et al. (2010) is first modeled using the commercial software, SEEP/W (Geo-Slope International Ltd., 2007a). Emphasis is placed on influence of soil cracking on the changes of flow regime within the shallow soil layer, which constituted a significant part of the failure mass. Meanwhile, the non-linearity of shear strength is considered by relating it to the adopted bimodal hydraulic models. The results of hydraulic variations (suction or negative pore water pressure and water content changes) using unimodal and bimodal SWCCs and their respective permeability functions are compared with the measurements. Based on the seepage analysis, the factors of safety calculated using the Limit Equilibrium Method, with the non-linear shear strength model linked to the soil water characteristic curve, are also presented and discussed.



INSTRUMENTATION AND MONITORING


The Monitoring Area

The monitoring area is located near the city of Xinxiang, Henan, China, where a huge project transferring water from South China to North China (i.e., the South-to-North Water Transfer Project) goes through. Design of safe and economical dimensions for canals constructed in expansive soils was one of the major geotechnical problems in this area. The average annual rainfall in this region is about 800 mm, of which 60–70% of the rainfall is distributed from June to August (Zhang et al., 2010). Consequently, numerous slope failures were triggered by the rainfalls with high intensity during the wet seasons.



Field Study

Several field tests were conducted in this area by Zhang et al. (2010) to investigate the sliding mechanisms of expansive slopes under artificial rainfalls. One of the field slopes is selected for numerical simulation in the present study. The test slope was formed by excavation and had a height of 9 m, and the slope following excavation was 1:2.5. The monitoring area affected by the artificial rainfall was 28 m length and 16 m width. Borehole tests showed that slope profile consisted primarily of the expansive clayey soils with a small portion of silty loamy soils. The laboratory tests indicated that the expansive soils had a natural water content of 21.7%, specific gravity of 2.78 and dry density of 1.7 g/cm3. The average Liquid Limit and Plastic Limit were measured to be 54.9 and 25.0%, respectively. The particles with sizes smaller than 0.005 and 0.002 mm accounted for 61.6 and 40.9%, respectively. The free swelling percentage was around 60.4%. The instrumentation included Tensiometer and ThetaProbe probe for measuring suction and volumetric water content, respectively, and rain gauge for measuring the rainfall intensity. The layout and locations of the instrumentation along a section profile of the slope are shown in Figure 1.


[image: image]

FIGURE 1. Cross section of studied slope from Zhang et al. (2010).


In order to model the infiltration process, a sprinkler system was specially designed for artificial rainfall, which consisted of 1 pump, 2 water-supply pipes, 15 branches, and 75 sprinkler heads (5 Rows × 15 Columns evenly distributed over the test area). The distances between two adjacent rows and columns were 4 and 2 m, respectively, along the slope and canal directions. This designed system covered more than 760 m2 of the sloping surface and almost the entire slope cross-section from the crest to the toe shown in Figure 1. This system was used to generate three periods of rainfall with a constant intensity of around 8 mm/h. In the first two rainfalls, evident sliding displacements were measured, the final collapse near the slope crest occurred during the third rainfall period. Figure 1 depicts the slip surface and ground surface after failure. It was reported from Zhang et al. (2010) that a significant section of the slip surface was located at the depths ranging from 0.6 to 1.0 m, over which the shallow failure mass was severely destroyed by the abundant cracks and fissures well developed due to previous wetting and drying cycles. The primary cracks were observed to have widths as large as 12 mm and depths of around 0.8 m, accompanied by many other smaller fissures with varying dimensions. It can be deduced that the presence of cracks has increased the apparent permeability of the surficial soils in this shallow layer. Consequently, significant fluctuations in the water contents mostly occurred within this shallow layer subjected to the simulated rainfalls, while little hydraulic response was observed in the underlying layer which was quite intact and relatively impermeable. Meanwhile, the abundance of cracks has led to a significant reduction in the shear strength (Lin et al., 2019), which might have brought the shallow layer to a critical state quite susceptible to failure subjected to rainfall condition. One of the focus of this work is to investigate these coupling effects of cracks on both hydraulic and mechanical behaviors of the surficial soils, as well as the stability of surficial layer.



SEEPAGE ANALYSIS


Theory of Water Infiltration

The processes of water infiltration and flow through saturated and unsaturated soil systems can be modeled analytically (Srivastava and Yeh, 1991; Wu and Zhang, 2009) or numerically (Alonso et al., 2003; Oh and Vanapalli, 2010). The analytical methods are able to provide accurate solutions to infiltration problems with a regular geometry and simple boundary conditions. Comparatively, the numerical solutions can simulate various complicated saturated and unsaturated seepage processes. Both the solutions are given for the equation describing the mass conversation of water, which reads as follows:
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where, qw is volumetric water content, t is time, k is the permeability of soils, uw is the value of pore water pressure, gw is the density of water, g is the gravitational acceleration, and y is the elevation. ∇ is the del operator and defined as:
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Equation (1) suggests that the difference between the flow entering and leaving an elemental volume is equal to the rate of change in the volumetric water content with respect to time (Fredlund and Rahardjo, 1993). In order to make Eq. 1 determinate, a continuous relationship needs to be specified to link the volumetric water content and suction, which is called the SWCC. Besides, the permeability of unsaturated soils, k, is no longer a constant, unlike that of un-deformable saturated soils, but varies with water content or suction, which constitutes another functional hydraulic parameter for seepage analysis. These two functional parameters (i.e., SWCC and the permeability function) make Eq. 1 highly non-linear. Analytical solution is nearly impossible to obtain for complicated boundary conditions that are common in practice. Furthermore, use of bimodal SWCC and permeability function in the present study will increase complexities associated with non-linearity. Therefore, the numerical solution to Eq. 1 in two dimensions is adopted and obtained using the commercial finite element-based software SEEP/W (Geo-Slope International Ltd., 2007b).



The Soil Water Characteristic Curve and Permeability

The SWCC, also known as soil water retention curve, is essentially a non-linear functional relationship between volumetric water content (gravimetric water content or degree of saturation) and suction for soils under unsaturated condition. Since the mechanical behavior of soils is strongly controlled by the amount of meniscus water in the soils and its bridge effects between solid particles, the SWCC often plays the role as a fundamental property for predicting the mechanical properties, for example, shear strength (Vanapalli et al., 1996) and stiffness (Qi and Vanapalli, 2016). The SWCC is also coupled with mechanical model to form a fully coupled model to describe the coupled hydro-mechanical response of soils subjected to variations of external hydraulic and/or mechanical factors. Thus, a good model for SWCC is of particularly importance in various types of geotechnical engineering applications using the mechanics for unsaturated soils.

A number of mathematical equations of SWCC (e.g., van Genuchten, 1980; Fredlund and Xing, 1994) have been established where the model parameters can be obtained by fitting to the experimental data, a majority of these existing functions have a sigmoid and unimodal form. In this work the Fredlund and Xing (1994) model is first used in seepage analysis:
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where, ua − uw is the soil suction (kPa), the pore air pressure, ua, is assumed to be zero (atmospheric) and constant in this study. This assumption is acceptable, since the air phase in the unsaturated soil elements near the slope surface (the area of interest) is essentially connected to atmosphere. e is the natural logarithm (base 2.71828 …), θs is the saturated volumetric water content, a, n, and m are three fitting parameters, which are related to the air-entry value of the soil (kPa), the slope at the inflection point of the SWCC and the residual water content of the soil, respectively. The residual volumetric water content is simply taken as 10% of the saturated value.

However, it is found that Eq. 3 is not able to fit experimental SWCC data sets from soil sample with two distinct pore-size distributions due to various factors. For example, the bimodal pore-size distributions of soil can be formed by compacting coarse colluvial soils, mixing the residual soil with sand, and/or due to desiccation cracking. Since the shape of SWCC is strongly correlated to the pore-size distributions (recalling water is stored in the pore between the soil particle), the SWCC data for these types of soil samples needs to be fitted/described using a Bimodal function, as typically shown in Figure 2. There are two air entry values (AEVs) corresponding to two distinct sizes of pores. As suction rises beyond these two AEVs, the water drainage through soil matrix can be divided into two phases, i.e., flowing out of the larger and smaller pores, respectively. Since the cracks can be regarded as larger pores, water drainage in the cracked soils exhibits similar characteristics as shown in Figure 2. Thus, the SWCC of a cracked soil is also of typical bimodel (Fredlund et al., 2010; Li et al., 2011), which has been observed in several cracked expansive soils (Azam and Ito, 2011; Elkady, 2014).


[image: image]

FIGURE 2. A typical bimodal SWCC.


For the present work, the surficial layer of studied slope is strongly affected by wetting and drying cycles, which are likely to induce the development of cracks due to the substantial swelling and shrinking behaviors, the bimodal SWCCs are used for this surficial layer as shown in Figure 3. For unimodal SWCC, the parameters, a = 100 kPa, n = 0.888, m = 0.293, together with the saturated volumetric water content, θs = 41.8%, are used to fit the measured data of volumetric water content and suction in the field study in Zhang et al. (2010). Although there are several closed-form equations proposed very recently for Bimodal SWCC (e.g., Li et al., 2009; Fredlund et al., 2010), these functions are mostly based on the superposition of two unimodal SWCCs (e.g., Eq. 3), in which a high number of model parameters require to be determined. In this study, the bimodal SWCC is represented by the spline functions which has been built in the software to facilitate the generation of continuous curves with any shape. This is a simpler and sufficiently flexible way to describe the soil water characteristics of the complicated cracking soils’ structure.
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FIGURE 3. Unimodal and bimodal SWCCs used in the present study.


It is well known that the permeability function of an unsaturated soil bears a strong relationship to the corresponding SWCC (Leong and Rahardjo, 1997). Fredlund et al. (1994) proposed a procedure to estimate the permeability function by integrating along the SWCC. The Fredlund et al. (1994) permeability model is used to represent the unimodal permeability function in the present study, as illustrated in Figure 4. Similar to the Bimodal SWCC, i.e., the relatively simple spline function is used to describe the bimodal permeability function, which is flexible enough to follow the fundamental physics that the flow rate should be closely linked to the amount of water content transmitting movement of water itself. It should be noted that use of the measured permeability of the cracked soil sample would be desirable, However, accurate measurements often require more advanced apparatus, e.g., the large-scale infiltration column described in Chen et al. (2019) that can accommodate large samples with enough development of crack network. Due to the absence of the data, three values of saturated permeability (ksat = 10–3, 10–4, 10–5 m/h) are first used here (Figure 4), which are assumed based on the theoretical works by Li et al. (2009) and Tommasi et al. (2013) for cracked clays, and the values of similar type of cracked expansive soil measured by Zhan et al. (2007) in a field test. As will be discussed in later, a saturated permeability in the order of 10–3 to10–4 m/h is found to be able to represent the hydraulic conductivity of this cracked expansive soil, which is consistent with the findings from previous numerical study (e.g., Qi and Vanapalli, 2015a, b). Also, this assumption is considered acceptable based on numerical simulation of other earthworks including fissures subjected to rainfall (e.g., Chen et al., 2018).
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FIGURE 4. Unimodal and bimodal permeability functions used in the present study.




The Numerical Model

A finite element-based computational model slope is established (using SEEP/W) as shown in Figure 5. The geometry of the slope is consistent with that of studied slope from Zhang et al. (2010). The model slope consists of two layers, i.e., the surficial cracked layer underlain by a relatively intact layer. According to Zhang et al. (2010), the simulated artificial rainfall had substantial influence on the hydraulic response of soils within the shallow layer, but negligible effect on that of soils below the depth of 0.8 m or deeper. This is probably attributed to the fact that cyclic drying and wetting-induced cracks only develop within the soil near the ground surface. Thus, it is assumed that the surficial cracked layer has thickness of 0.8 m for the model slope (see Figure 5). The locations of Pore Water Pressure (PWP) measurements at the depths of 0.5 and 1.0 m conducted by Zhang et al. (2010) are also indicated in Figure 5. The quadrilateral elements with vertically oriented nodes are used to discretize the surficial cracked layer for dealing with the dramatic hydraulic response to water infiltration. For the other zone (i.e., the intact layer), the mixed regular quadrilateral and triangle elements are used.
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FIGURE 5. Model slope for numerical analysis.


The initial hydraulic condition for the slope model is generated using spatial function according to the measured pore-water pressures just before the commencement of the artificial rainfall. A spatial function is built in SEEP/W to assist the users in setting up the initial condition accurately since the pore water pressure may distribute non-linearly or irregularly within the slope profile for most real cases. The consistent hydraulic heads are applied to both the right and left lateral boundaries during rainfall infiltration. The bottom boundary of the computational domain for water flow has a zero flux. A total of three rainfalls were simulated using the sprinkler system in the test. During the intervals of these artificial rainfalls the slope surficial layer was likely to lose water due to evaporation, which, is, however, difficult to estimate due to the absence of accurate local climate data. To reduce the possible uncertainties, the simulation is focused on the response of the slope subjected to the first rainfall, which is considered to be sufficient for the purpose of the current study. In the established model, the infiltration from first artificial rainfall is simulated using a constant influx with an intensity of 0.008 m/h for 28 h on slope ground surface without allowing any ponding.



Numerical Results

Figure 6 compares the time history of PWPs predicted using seepage analysis within measured values at the depth of 0.5 m near ground surface. It indicates that there is a rapid drop in the measured suction (i.e., negative PWP) from around 60 kPa at the seventh hour to less than 10 kPa at the around 12th hour. After that, the suction at the depth of 0.5 m remains almost constant. As explained by Zhang et al. (2010), the hydraulic regime near the ground surface was greatly affected by the artificial rainfall, since the presence of cracks at this layer provides pathways for preferential flow. For numerical simulation using unimodal SWCC and permeability function, slight decreases in the suction are observed when the relatively lower saturated permeability (i.e., 10–4 or 10–5 m/h) is used, which do not match the measured values. When the saturated coefficient of permeability is increased to 10–3 m/h, the predicted suction gradually decreases with respect to time. However, the discrepancy between the predictions and measurements is still apparent. Specifically, the model overpredicts the rate of suction loss (rate of pore water pressure increases) over the initial 12 h of the test, while underpredicts the rate of suction loss thereafter in comparison to the measurements, it is difficult for the unimodal model (for relatively uniform soil matrix without cracks) to simulate the sharp drop of the suction around 12 h after the commencement of the test. When the bimodal hydraulic properties (as shown in Figures 3, 4) are used, a good match is obtained between predicted and measured suction values. In other words, the dramatic decrease in the suction value at the depth of 0.5 m is successfully reproduced in the numerical simulation by using the bimodal hydraulic properties.
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FIGURE 6. Comparison between measured PWP and predicted PWP at the depth of 0.5 m.


Figure 7 compares the time history of PWPs predicted using seepage analysis within measured values at the depth of 1.0 m near ground surface. It can be seen that the measured value of suction (negative PWPs) remains essentially at around 10 kPa. The PWP at this depth is not significantly affected by the rainfall, since the cracks were not developed at deeper depth as suggested by Zhang et al. (2010). For all numerical simulation, when the unimodal SWCC and permeability function (as shown in Figures 3, 4) with a lower saturated coefficient of permeability (10–5 m/h) for the intact layer are used, the predicted PWPs remain constant and show good agreements with the measured values, independent of the hydraulic properties assigned to the surficial cracked layer. Negligible decrease in the suction at the depth of 1.0 m is, therefore, attributed to the low permeability of intact layer. Figure 8 compares the variations of predicted depth profiles of PWP between unimodal and bimodal functions. It is seen that the profiles of PWP from Bimodal functions show sharper transitions (e.g., the wetting fronts from unsaturated to saturated conditions) over the depth than those from unimodal functions, which is consistent with the fast drop in suction at the depth of 0.5 m shown in Figure 6. Further, the more evident wetting front (from bimodal functions in Figure 8B) and its advancement over time are important indications for the location of critical slip surface for shallow slope failures.
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FIGURE 7. Comparison between measured PWP and predicted PWP at the depth of 1.0 m.
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FIGURE 8. The predicted variation of pore water pressure profiles with: (A) unimodal functions with ksat = 10–3 m/h; and (B) bimodal functions.


Figures 9, 10 compare the time histories of volumetric water contents predicted using seepage analysis within measured values at the depth of 0.5 and 1.0 m, respectively. Similar to the pore water pressures, the numerical simulation with bimodal hydraulic functions outperforms that with unimodal hydraulic functions (saturated permeability = 10–3 m/h) in reproducing the measured volumetric water content variation, particularly, the dramatic (sharp) rise at relatively shallow depth (i.e., 0.5 m). Meanwhile, insignificant hydraulic responses (water content variations) are simulated at greater depth (1.0 m), which is consistent with both the predicted suction and the measurement. Thus, with a low permeability (10–5 m/h) the intact layer in all numerical analyses only acts as a relatively impermeable boundary for the domain of interest, i.e., the surficial layer, of which the stability is the major concern as discussed in the following section.
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FIGURE 9. Comparison between measured and predicted (ksat = 10–3 m/h for unimodal function) volumetric water content at the depth of 0.5 m.
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FIGURE 10. Comparison between measured and predicted (ksat = 10–3 m/h for unimodal function) volumetric water content at the depth of 1.0 m.




SLOPE STABILITY ANALYSIS


Method for Calculating FS

Deterministic methods are widely used for analysis of slope stability with a scalar, called factor of safety (FS), being calculated and used as an indication/index for the stability of the slope. There are dozens of methods proposed in the literature for determining the FS. These methods generally fall into the following categories according to different theories; namely: (i) the limit equilibrium methods based on rigid block equilibrium analysis; (ii) the limit analysis methods based on upper bound plasticity theorem; (iii) finite element stress based method; (iv)finite element strength reduction method; and (v) finite element gravity increase method [e.g., in Chen and Lin (2019)]. Among all these methods, the limit equilibrium methods are most preferable for practical applications due to its long history as well as simplicity.

There are several commonly used variants of limit equilibrium methods in the literature, such as the Bishop’s simplified method (Bishop, 1955) satisfying only the moment equilibrium of failure mass, the Janbu’s simplified method (Janbu, 1954) satisfying only the force equilibrium, and the Morgenstern-Price Method (Morgenstern and Price, 1965) satisfying both the force and moment equilibrium conditions. Although the methods that satisfy both equilibrium conditions appear to be able to provide the most reliable FS, especially for slopes with complicated geometry, they, however, may encounter numerical non-convergence problems in some cases. In the present study, the slip surface detected in the field study by Zhang et al. (2010) is well defined and relative shallow, which categorizes this slope slide into a typical translational type. To capture this well-defined translational sliding mode, the position of the slip surface is fixed to be consistent with pre-detected one in this field thought use of the “Fully Specified Slip Surface” option. For translational type of slope failure, the Janbu’s simplified method (Janbu, 1954) is able to produce a satisfactory result, and is, therefore, used here to calculate the FS.

For saturated soils, the basic procedure and formulation of Janbu’s simplified method can be found elsewhere and are not detailed here. It should be noted that, for unsaturated soils, the shear strength contribution due to suction requires to be considered in the slope stability analysis formulation. The semi-empirical model proposed by Vanapalli et al. (1996) (Eq. 4) has been widely used by both the researchers and practitioners, which quantifies the non-linear behavior of shear strength of unsaturated soil using the saturated effective shear strength parameters and the SWCC as a tool.
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where, c′ is effective cohesion, ϕ′ is effective internal friction angle, s is normal stress acting on the slip surface, θw is volumetric water content, θs and θr are saturated and residual volumetric water content, respectively. By replacing the c′ by ca = (c′ + (ua −uw)(θw − θr)/(θs − θr) tan⁡ϕ′) in the formulations of slope stability analysis for saturated soils, all the existing limit equilibrium methods, including the Janbu’s simplified method used in this study, can be used to evaluate the slope stability for unsaturated soils.



Factor of Safety Results

Calculation of FS variation over time is performed using SLOPE/W (Geo-Slope International Ltd., 2007b). The hydraulic response under the rainfall condition predicted using SEEP/W can be directly incorporated into SLOPE/W for stability analysis. We only used here the results of seepage analysis with bimodal hydraulic properties and unimodal hydraulic properties with the saturated permeability of 10–3 m/h. By using the semi-empirical model for shear strength of unsaturated soils (Vanapalli et al., 1996), the input parameters only include the saturated cohesion and effective internal frictional angle. It should be noted that the cracking has a significant effect on the shear resistance behavior of the expansive soils from a number of laboratory tests on samples under various conditions. The values c′ = 5 kPa and ϕ′ = 17° suggested by Liu (1997) for cracked expansive soils with basic soil properties similar to those of soils in this study is first used for the stability analysis. The variation of FS with respect to time is shown in Figure 11. It can be seen that the FS calculated using the bimodal hydraulic properties is initially higher than that based on unimodal hydraulic properties (saturated permeability = 10–3 m/h). However, the FS based on bimodal hydraulic properties decreases in a faster rate and becomes lower than that based on unimodal hydraulic properties after the 15th day. This phenomenon is generally consistent with that observed in the suction variations over time illustrated in Figure 12, which compares the variations of suctions predicted using the bimodal and unimodal hydraulic properties at two points (see Figure 1 for their positions, identified by red circles) along the slip surface. The relatively large drop in the predicted suction at upper part (e.g., point A in Figure 1) is believed to be mainly responsible for the initiation and development of the slip surface, where a collapse with several cracks were observed in the field (Zhang et al., 2010).


[image: image]

FIGURE 11. Factors of safety using the bimodal and unimodal hydraulic properties, where, the “Bi” and “Uni” represent the Bimodal and Unimodal functions, respectively, the following pair of numbers represent the values of cohesion (kPa) and internal friction angle (°), respectively.



[image: image]

FIGURE 12. Variations of suctions predicted using the bimodal and unimodal hydraulic properties at two points along the slip surface, where, the “Bi” and “Uni” represent the Bimodal and Unimodal functions, respectively.


The FS calculated with c′ = 5 kPa and ϕ′ = 17° at the end of rainfall condition is around 2.8, indicating a fairly stable condition. This value cannot reflect the actual condition that some sliding displacements occurred, although an entire collapse was not observed (Zhang et al., 2010). A number of back-analyses of slope failures conducted previously in expansive soils areas indicated that the shear strength parameters mobilized in the field conditions were significantly lower than those measured in the laboratory (Day, 1994; Liu, 1997), it is therefore suggested a simple reduction of the strength parameters should be made for relevant engineering designs. For example, the c′ = 2 kPa (based on back-analysis) reduced from c′ = 20 kPa (from triaxial test) was used in the final design of an excavated slope consisting of yellow-brown cracked expansive soils in the project of SNWT (Liu, 1997). However, some researchers (e.g., Lade, 2010) believed that the relatively low mobilized values are linked to the low confining stress conditions (lower than those in most laboratory tests) from the theoretical point of view, i.e., the non-linear shear strength Mohr-Coulomb model should be more appropriate for soils in the shallow layer. It has, therefore, been argued that the shear strength parameters for shallow slope stability analysis should be determined from the specimens under low confining stress conditions considering the actual ground condition, under which a non-linear or bi-linear strength model with zero or extremely low cohesion may provide better fit to the measured shear strength data. For the case considered in the present study, the slip surface is quite shallow, over which the maximum normal stress is estimated to be around 10 kPa (see Figure 13). Thus, the strength parameters, c′ = 0 kPa and ϕ′ = 30° as representative values at low confining stress condition are used to repeat the FS calculation based on the same hydraulic simulation outlined above. Figure 14 shows graphically the magnitudes of mobilized shear strength that can been overestimated by using the shear strength parameters measured at relatively high confining stresses. It is also illustrated that the non-linear strength envelope can better describe the real available shear strength over both low and high confining stress levels (Lade, 2010). With the adopted simple approximation, the calculated FS are also compared with the previously obtained results in Figure 11. At the end of rainfall period, the FSs based on both bimodal and unimodal hydraulic properties decrease to values slight larger than one, which may better reflect the field observation by Zhang et al. (2010).
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FIGURE 13. Variation of the normal stress at the bottom of failure mass along the slip surface.
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FIGURE 14. Illustration of the non-linear behavior of mobilized shear strength at low confining stress level.




CONCLUSION

The response of an expansive soil slope to an artificial rainfall infiltration in the in situ study conducted by Zhang et al. (2010) is numerically simulated in the present study. The hydraulic behavior within the slope profile is reproduced using the Finite Element Method-based software SEEP/W, while the slope stability analysis is carried out using the Limit Equilibrium Method-based software SLOPE/W. In the hydraulic analysis, effort is put into selecting the proper SWCC and permeability functions to represent the effect of cracks, i.e., the influence of mechanical cracking on the hydraulic (e.g., the water content variation) response in the shallow layer is considered from this perspective. In the slope stability analysis, the simplified Janbu’s method is selected to calculate the FS variation over time along a prescribed slip surface according to field study. The effects of the reduction of shear resistance, due to wetting and suction loss, are considered by coupling the strength model at local level to the SWCC, and by incorporating the flow regime at the global level calculated from the seepage analysis. These aspects of the coupling involved in expansive soils slope are investigated with the focus on adoption of highly non-linear hydraulic models, and their influence on evolutions of both the flow regime and shear strength field in the slope profile. The following conclusions can be derived from the results presented in this paper:


1. The cracks can significantly increase the permeability of surficial layer. However, it is difficult to reproduce the measured time history of pore water pressure at shallow depth using the unimodal SWCC and the related coefficient of permeability.

2. The dramatic decrease over time in the suction at the shallow depth is successfully predicted by using the bimodal SWCC and permeability function. This indicates bimodal SWCC and permeability function can better account for the effect of cracks on the hydraulic behavior of surficial layer.

3. The FSs calculated based on bimodal hydraulic properties are initially higher, but become lower, than those based on unimodal hydraulic properties, i.e., The Bimodal functions provide a better match between the prediction and field data. This phenomenon is consistent with suctions and water contents predicted from Finite Element Analysis.

4. Selection of appropriate shear strength parameters from laboratory tests under low confining stress conditions is required for the slope stability analysis of shallow layer in expansive soils during rainfall period.
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To investigate the role of gritstone after hydro-thermal treatment on the mechanical properties and deformation failure behavior, the Brazilian test are carried out on gritstone specimens. Using load–displacement curves, the peak load and peak displacement of the gritstone specimens are analyzed in detail. The mechanical parameters are closely related to the high temperature, high pressure of water and the cooling down methods. The static splitting tensile strength (STSS) of specimens are decreasing with the increase of water pressure. In the cooling down group, the STSS and peak displacement of specimen WP1 are the lowest one. While, the STSS of specimen W1 is the biggest one. The differences in mechanical properties of the gritstone specimen are mainly caused by the ablation effect in the microscale under different HTHP and cooling down conditions. The surface deformation characteristics of the tested gritstone specimens are investigated by analyzing the full strain field and the local strain concentration. In the gritstone specimen, the major principal strain is first concentrated in the bottom or the top of gritstone specimens where the crack is initiated. The small jump of local strain means crack initiation and propagation, while the fracture of strain gauge leads to strain mutation. The SEM results are discussed to describe the fracture mechanism of brittle gritstone after HTHP treatment.

Keywords: high temperature and high pressure, Brazilian test, the static splitting tensile strength, micro-characteristic, cooling down conditions


INTRODUCTION

Geothermal resources as a sustainable development of clean energy has promoted development of the world’s ecological civilization construction such as structure adjustment and air pollution control. However, according to the principles of “heat extraction without water” and “irrigation with fixed production,” the development of deep geothermal resources has been restricted by the difficulty of tail water recharge for a long time, especially the geothermal tail water recharge for sandstone thermal storage is a world problem. Therefore, it is necessary to understand the physical behavior of rocks under thermal action in order to improve the overall efficiency and flexibility of energy systems.

Thermal energy storage (TES) is an energy storage technology for solar energy, geothermal energy, industrial waste heat and other thermal energy resources. It commonly used in the heat mining of fractured geothermal reservoir and does not need to convert thermal resources into different forms of energy (Zhang et al., 2013; Pandey et al., 2014, 2018; Rawal and Ghassemi, 2014).

In Denmark, geothermal energy for district heating has been extracted from deep sandstone aquifers at temperatures as high as 75°C (Lund et al., 2011). Therefore, the possibility of storing excess heat seasonally in these geothermal aquifers was considered. The heat loss of these aquifers may be minimized due to the relatively high in situ temperatures and a low aquifer flow rates. In addition, heat storage can increase the thermal potential of aquifers and extend the service life of geothermal aquifers (Réveillère et al., 2013).

The temperature of the geothermal aquifers will be inevitably increased due to the heart storage. Temperature of water is known to play an important role to control both the extent and rate of reactions of minerals in the geothermal aquifer. In general, the reaction rates of mineral is increasing with the elevating temperature. While, the mineral solubility will be either increased or decreased when temperature is increasing, which is depending on the thermodynamic properties of the mineral (Griffioen and Appelo, 1993; Gruber et al., 2016). For instance, solubility of silicates increases with the increasing temperature. While, solubility of carbonates is much lower than that of silicates with the increasing temperature (Holmslykke et al., 2017). Dissolution/precipitation processes of rocks in the TES may affect the permeability of TES by changing the pore space geometry and pore connectivity of rocks (Ngwenya et al., 2000). Even further, dissolution of cementing material in rocks will probably reduce the mechanical strength of rocks in the TES. A major concern is therefore the hydro-thermal action may damage the structures of rocks making geothermal tail water recharge for sandstone thermal storage unfeasible.

Thermal energy storage systems in shallow aquifers injecting water with temperature about 20°C and small temperature differences (ΔT < 15°C) are operating successfully in many countries (Réveillère et al., 2013; Bonte et al., 2014; Possemiers et al., 2014). Due to the limitation of test technique level, experiences with higher temperatures (about 150°C) is rarely reported (Vetter et al., 2012). However, field heat storage tests in closed shallow sandstone aquifers below 150°C show that calcium carbonate precipitation is the key hydrochemical problem (Holmslykke et al., 2017). Furthermore, researches on macro-mechanical strength of rocks in TES systems in shallow aquifers including traditional rock fracturing (Bi and Zhou, 2015, 2017a,b; Bi et al., 2016a,b; Zhao et al., 2016, 2017a,b, 2018a, 2019; Zhou et al., in press; Zhou and Bi, 2016), hydraulic fracturing (Breede et al., 2013; Zhao et al., 2018b), thermal fracturing (Zhou and Bi, 2018), shear stimulation (Zhu and Huang, 2019), and multilateral wells (Shi et al., 2018). And then, the mechanical characters of hot dry rock under thermo-hydro-mechanical (THM) effect (Breede et al., 2013; Possemiers et al., 2014; AbuAisha et al., 2016; Holmslykke et al., 2017; Schmidt et al., 2017; Chen et al., 2018; Kumari et al., 2018; Pandey et al., 2018; El Sharawy and Nabawy, 2019) also can be borrowed in to TES systems. These studies are focused on the influence of thermal effect on the mechanical properties of sandstone. While, the high temperature and pressure of water hydro-thermal influences on gritstone are few investigated, especially the coupled hydro-thermal effect on physical and mechanical properties of gritstone. However, in recent years, the behavior of rocks under thermos-mechanical coupling (TM) and measurement of basic physical and mechanical parameters is very complex (Hudson et al., 2009; Dutt et al., 2012; Bonte et al., 2014; Sengun, 2014; Singh et al., 2015; Shi et al., 2018; Wang and Konietzky, 2019). It includes rock deformation modulus, Poisson’s ratio, tensile strength, compressive strength, cohesion, internal friction Angle, viscosity, thermal expansion coefficient and other changes with temperature (Gautam et al., 2016; Guha Roy and Singh, 2016; Yao et al., 2016; Sirdesai et al., 2017). Based on these researches, the high-temperature effects on the mechanical behaviors and physical characters of rocks are fully conducted. Although almost all the deep rocks exist in a hydrothermal environment, mechanical behavior of brittle rocks after the hydro-thermal treatment is few studied.

In order to discover the reason of reduction of the mechanical strength of rocks in TES, the primary purpose of this study is to investigate the effects of the high temperature and high pressure (HTHP) of water on the physical and mechanical properties of gritstone. The HTHP of water effect is to simulate the reservoir stimulation environment of TES. We conduct a series of laboratory experiments to investigate the breakdown pressure of high temperature gritstone specimens with different water pressure treatments. The vertical load and displacement of the treated specimens are monitored during the splitting experiments. The fracturing load-displacement curves, breakdown pressures, fracture patterns and evolution process of full strain field on the surface of the specimens after different treatments are compared. Finally, the physical characters including density of specimens are discussed in detail. The results obtained provide reference in the experimental basis, theoretical guidance and engineering safety for the reservoir stimulation of TES.



EXPERIMENTAL DETAILS


Specimen Preparation

In this study, the gritstone specimens are collected from interior formations in Jiangsu, China. The range of mineral particle size of the specimen is from 0.35 to 0.74 mm with an average size of 0.58 mm, which is the coarsest sandstone. Standard cylindrical gritstone specimens with the dimensions of 50 mm in diameter and 20 mm in length were prepared to evaluate the splitting strength. The prepared gritstone specimens have basic physical properties of the average density of 2.45 g/cm3, the quasi-static compressive strength of 97.6 MPa and elasticity modulus of 135 GPa. There were six original specimens in total, which were divided into two groups with three specimens in each group. One group was marked as hydro-thermal treatment group (Ht group) and the other one group was marked as cool down group (Cd group), as shown in Figure 1.


[image: image]

FIGURE 1. Geometry of gritstone specimen and photos: (A) geometry; (B) the Ht group; (C) the Cd group.




Experimental Program

To represent the real environmental conditions of deep rock in TES, the heating schemes is executed that the hydro-thermal treatment with different water pressure. The specimens of Ht group are numbered and heated to the designed temperature of 150°C using an auxiliary heating device for 5 h under 10, 30, and 50 MPa, respectively. For the Cd group, specimens are also numbered and heated to the designed temperature of 150°C using an auxiliary heating device for 5 h under 50 MPa. Then, specimens are cooled down to room temperature using air, water and water with 50 MPa pressure in the autoclave as a quenching medium, respectively.

The heating rate of the device is set as in 0.5°C/min. For each test, the treated specimens were kept constant for 5 h once the temperature up to the target value (150°C) and pressure up to the target value (10, 30, and 50 MPa) in order to ensure the uniform heating of the specimens. The experimental result of specimens are marked as the 10M1, 30M1, and 50M1, which means that the pressure of the water is 10, 30, and 50 MPa, respectively. As for the hydro-thermal group, the specimens are heated to the designed temperature of 150°C by using a high-pressure autoclave for 10, 30, and 50 MPa, separately. The temperature of the high-pressure autoclave is kept in a range from 148°C ∼ 152°C. Corresponding to the cool down group, the specimens were maintained for 5 h under the target temperature state as the hydro-thermal group. The result was marked as the A1, W1, and WP1 in the cool down group, where A1 means that the specimens is cooled down to the normal temperature by exposing it to the air, but the temperature of specimens of W1 and WP1 are dropped down by putting into water and water quipped with 50 MPa pressure respectively. After the heating process, both the hydro-thermal and cool down treated specimens are cured under normal temperature condition (25°C) for more than 2 h. Then, the specimens are prepared for the next treatment. As shown in Figure 2A, the hydro-thermal environment of rock specimens is plotted. The treatment schedule applied on the sandstone specimens was depicted in Figures 2B,C. For recording the effects of gritstone after the hydro-thermal and cool down treatments, the mass of specimens is measured by an electronic balance after.
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FIGURE 2. Experimental background and project: (A) schematic diagram of deep rock environment; (B) schedule of hydro-thermal treatment; (C) schedule of cool down treatment.




Testing Equipment

Figure 3 shows the HTHP autoclave and the servo-controlled materials testing machine RMT 301 used in this study, which are made by institute of rock and soil mechanics Chinese academy of science. The main equipment of HTHP autoclave includes temperature and pressure controller and HTHP cavity. The technical specifications of the HTHP autoclave are: the maximum temperature is 350°C, the maximum pressure of HTHP cavity is 65 MPa, and the heating rate of the device was controlled in 0.5°C/min. The main equipment includes a pressure device, a strut bar and support. The technical specifications of the RMT 301 are: the maximum loading is 1500 kN, the displacement control is 0.005–10 mm/min, the deformation control is 0.0001–1 m/s and can be applied to investigate the size effect of the specimen. The axial constant loading rate of this experiment was 0.02 mm/min until the specimen fails. During the splitting compression of gritstone specimens, the Digital Image Correlation (DIC) was also applied to record the evolution process of full strain feld on the surface of intact gritstone specimens.
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FIGURE 3. Laboratory setup for: (A) the HTHP autoclave; (B) the schematic diagram of the compression split test.




TESTS RESULTS AND ANALYSIS

In accordance with the method recommended by Isrm (1978), the quasi-static split tensile tests, known as the Brazil test, are performed on gritstone specimens. During the loading process, the servo-controlled materials testing machine RMT 301 automatically records the vertical load and displacement of the loading point. As shown in Figure 4, the complete load-displacement curves of gritstone specimens under different water pressure and cooling down treating show a similar tendency, which are characteristics of four stages that the densification, elasticity, yielding and failure procedures (s is the displacement and F is the corresponding load). As for the load displacement curves of specimens after hydro-thermal treatments, the densification stage prolongs and the rate of slope decreases with the rise of water pressure. However, the yielding stage of treated specimens has no obvious difference compared to the original ones. For the load-displacement curves under two types of treatment conditions, the load quickly declines after it reached the peak load. It can be found from the comparison of the complete load-displacement curves of the original gritstone specimens with the result of specimen with (cool or heat) treatment, it is likely that the brittleness has no difference between the two treated experimental conditions.
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FIGURE 4. Comparison of load-displacement curves of gritstone specimens under the two types of treatment conditions: (A) hydro-thermal treatment; (B) cool down treatment.


As seen in Figure 4A, for the gritstone specimens after hydro-thermal treatment, the curves move toward right because of the peak loads of specimens in Ht groups decrease with the obvious changing elasticity modulus when the water pressure bigger than 10 MPa. Furthermore, the densification stage of specimens extend with increasing water pressure. That is, the elasticity modulus decreases with increasing water pressure. Then, the peak loads decrease with increasing elasticity modulus. As shown in Figure 4A, the influence of hydro-thermal on specimens’ strength and Young’s modulus decreases with the increasing water pressure. While, when water pressure bigger than 30 MPa, the specimens’ strength there is no obvious changes. That is to say, the hydro-thermal treatment has a greater influence on Young’s modulus than that of strength of gritstone.

As seen from Figure 4B, the complete load-displacement curves of specimens in the Cd group are plotted, separately. In the Cd group, the peak load of specimens with same hydro-thermal and different cooling down treatments have obvious differences. For the specimen A1, which is cooled down in air, the densification stage is the longest one among the Cd group. Meanwhile, the Young’s modulus of specimen A1 is bigger than that of specimen Wp1 but smaller than that of specimen A1 in the Cd group. For the specimen W1, which is cooled down in cool water, the densification stage and the Young’s modulus have no obvious difference from the original specimen. While, the peak load of specimen W1 is bigger than that of original specimen. The reason will be discussed in the section “Discussion.” For the specimen WP1, which is cooled down in water with 50 MPa pressure in the autoclave as a quenching medium, the Young’s modulus is the smallest one in the Cd group. At the same time, the displacement and peak load are the smallest one in the Cd group. In author’s opinion, it is may be caused by ablation of minerals in longer hydro-thermal action in the HTHP water condition. In order to discover the mechanism of ablation of minerals in hydro-thermal action of gritstone, the scanning electron microscope (SEM) technique is adopted to analyze the microscopic features of the splitting tensile fracture surface, and to study the micro-mechanism of hydro-thermal induced deterioration in the section “Discussion.”

From the above, we can know that HTHP 150°C hydro-thermal treatment have an obvious effect on the densification stage, elasticity and failure procedures of gritstone. The densification stage prolongs and the rate of slope decreases with the rise of water pressure. Meanwhile, the strength and Young’s modulus of specimens in Ht group decrease with increasing water pressure. While, the cooling down treatment has a great effect on the densification stage, elasticity and failure procedures of specimens in Cd group with no obvious pattern. The details will be discussed in the following subsection.



DISCUSSION


Strength and Failure Behavior of Treated Specimen

Table 1 represents the peak load (Fp), density (ρ), and peak displacement of the experimentally treated gritstone specimen, which is obtained from the load-displacement curves of Figure 4. Hydro-thermal and cooling down treatments have a significant impact on physical and mechanical properties of gritstone. The peak load of gritstone is positively correlated with the peak displacement, and the slope of the curve before the peak load decreases sharply with the increase of water pressure under the same temperature. In the Ht group, over the results of the entire treatment condition, the original Fp decreases from 4.966 to 4.422 kN of the specimen with water pressure of 50 MPa and water temperature of 150°C. In the Cd group, the curves of load-displacement have no obvious pattern. The peak load of specimen W1, which is 5.082 kN, is the biggest one. When the specimen is cooled down in water with 50 MPa pressure in the autoclave as a quenching medium, the peak load is decreased to 3.764 kN. It is the smallest one in the Cd group. The static splitting tensile strength (STSS) of gritstone is an important mechanical properties in the TES, and the STSS of gritstone is determined following the given equation (Isrm, 1978):


TABLE 1. The static splitting tensile strength (STSS), density (ρ), and peak displacement of treated gritstone specimens after the experimentally.

[image: Table 1]
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where, FPis the peak load of specimens fail, while, d and h are the diameter and thickness of the Brazilian disk specimens, respectively.

Digital Image Correlation is a non-invasive and non-destructive method for characterizing rock surface deformation. It has been applied to study the full strain fields of rock specimens under vertical loads (Yang et al., 2019). In this paper, speckle surface images of gritstone specimens after experimental treatments during the deformation process were obtained by the ARAMIS 2D HHS high-speed camera. The high-speed camera at a rate of up to 8,100 frames per second is used. By adopting an appropriate combination of frame rate and image resolution (896 × 896 Pixel@8,100 FPS), it is possible to document the cracking mechanisms precisely, in particular to determine whether shear or tensile crack occurs.

Then, the full strain field is calculated by using the GOM Correlate DIC analysis software to analyze the surface deformation characteristics of BD (The Brazilian disk) gritstone specimens under static splitting tension experiment. Figures 5, 6 show the typical fracture pattern of specimens after different treated conditions under static splitting tension experiment. From Figures 5, 6, we can see that with an increase of water pressure, the failure mode of gritstone are same and failure. The major principal strain is first concentrated in the bottom or the top of gritstone specimens where the crack is initiated. Because that the static splitting tensile experiment in this paper of BD gritstone specimens is using point loading based on ISRM (Ulusay, 2014) suggested method. This pattern fits well with other researches (Bahaaddini et al., 2019).


[image: image]

FIGURE 5. Failure modes and evolution process of full strain field (Horizontal strain) on the surface of BD gritstone specimens in Ht group under static splitting tension (The Arabic numbers correspond to those in Figure 4A: (A) specimen 10M1; (B) specimen 30M1; (C) specimen 50M1; (D) original specimen. Red circle is the sampling position used in SEM.
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FIGURE 6. Failure modes and evolution process of full strain field on the surface of BD gritstone specimens in Cd group under static splitting tension (The Arabic numbers correspond to those in Figure 4B): (A) specimen A1; (B) specimen W1; (C) specimen Wp1; (D) original specimen. Red circle is the sampling position used in SEM.


The STSS, density (ρ), and peak displacement of treated gritstone specimens are listed in Table 1. In the Ht group, the STSS of specimens are decreasing with the increase of water pressure. The STSS decreases from 2.899 MPa of specimen 10M1 to 2.815 MPa of specimen 50M1. Meantime, the peak displacement is increasing with the increase of water pressure. In the Cd group, the STSS and peak displacement of specimen Wp1, which is 2.396 MPa and 0.257 mm, respectively, are all the lowest one among Cd group. While, the STSS of specimen W1, 3.235 MPa, is the biggest one. In the authors’ opinion, the differences in mechanical properties of the gritstone specimen are mainly caused by the ablation effect in the microscale under different HTHP and cooling down conditions. In order to further reveal its principle, the SEM results will be discussed detail in the following subsections.



Morphological Analyzation

All the experimental treatments cause the internal structure to change remarkably, such as fissure expansion, dehydration and the enlargement of voids. For sandstone under hydro-thermal treatments, the hydro-thermal influence on specimens can be simply considered as the confining pressure in local and lead to local damages. In order to discover the fracture mechanism of sandstone after hydro-thermal treatments on the micro levels, the X-ray diffraction experiments are conducted and the results are presented in Figure 7. It can be seen from Figure 7 that the primary minerals of sandstone are KAlSi3O3, NaAlSi3O3, KAlSi3O10(OH)2, CaAl2Si2O3, SiO2, and CaCO3. For the original specimen, the content of CaAl2Si2O3 and NaAlSi3O3 are higher than those of other mineral components. Under the action of the hydro-thermal treatment, mineral composition began to decompose and mineral content decreased. For specimen 50M1, it has a hydrothermal ablation effect on mineral components, which results in a greater reduction of mineral components of CaAl2Si2O3 and NaAlSi3O3. So, the effect of hydro-thermal treatment on mineral composition content is obvious. It is an important factor affecting on gritstone strength.
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FIGURE 7. X-ray diffraction of specimen with different treatment conditions: (A) original specimen, (B) specimen 50M1.


Figure 8 shows the microscopic observations of BD gritstone specimens after different HTHP treatments based on SEM. SEM mainly uses secondary electron signal imaging to observe the surface morphology of specimens. For the SEM specimen preparation, the first step is determining sampling site from large specimen. Secondary, the surface block of the sample is obtained by cutting method. Then, treatments of cleanout, burnish, etching, and gold spraying on the surface block is needed. It should be noted that the microstructure images are obtained from the sections of specimens that are treated by different HTHP treatments (Yang et al., 2019). In order to obtain the best results, three thin sections are made under each condition for SEM. Under the same conditions, the micro-observations of different sections are very close. Therefore, Figure 8 presents the representative results, which are selected from the three sections for each HTHP condition. Furthermore, the difference in number and morphology of cracks in specimens due to the different treatments can generically represent the hydro-thermal effect on the microstructure of gritstone. The micro-crack of original specimen is observed at room temperature without any experimental treatment (Figure 8A). When the temperature and water pressure increase to 150°C and 10 MPa, respectively, the crack grows longer and wider (Figure 8B). When the temperature is keeping 150°C, and the water pressure increasing to 30 and 50 MPa, relatively hydro-thermal crack keeps growing longer and wider than that of specimens under water pressure of 10 MPa (Figures 8C,D). In the cooling down group, due to the effect of low-temperature water, the width and length of crack decreases (Figure 8E). When the specimen WP1 is cooled down in water with 50 MPa pressure in the autoclave, the width, length, and number of cracks increase sharply comparing to other specimens in Cd group.
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FIGURE 8. Representative SEM images of gritstone after different HTHP treatments: (A) original specimen; (B) specimen 10M1; (C) specimen 30M1; (D) specimen 50M1; (E) specimen W1; (F) specimen WP1. Red arrow indicates the micro-crack.


Based on the X-ray diffraction experiments and SEM results, the macroscopic mechanical and microscopic physical properties of gritstone can be explained. The uneven thermal expansion state of various minerals under the action of temperature appears due to the different thermal expansion coefficient of various mineral components in the rocks. The thermal stress is generated between mineral crystal particles, then cracks are initiated if the thermal stress is larger than the yield limit of mineral when the sandstone specimens are subjected to thermal treatments. Furthermore, mineral composition began to decompose and mineral content decreased due to the action of the hydro-thermal action, which accelerate the growth of crack length and width. Finally, the cracks caused by hydro-thermal action would lead to the intergranular fracture in the mineral particles as long as the temperature of hydro-thermal action are large enough. In authors’ opinion, the differences in mechanical properties of the gritstone specimen are mainly caused by these microscopic cracks with different characteristics.



CONCLUSION

Many tests show that the physical and mechanical performances of rocks after the serials HTHP treatments are different. In this work, the mechanical properties of the gritstone specimens under the HTHP treatment in laboratory tests are investigated and analyzed, especially the different cooling down effect are also taken into account to fully understand the performance of rocks under the hydrothermal environment.

High temperature and high pressure 150°C hydro-thermal treatment have an obvious effect on the densification stage, elasticity and failure procedures of gritstone. The densification stage prolongs and the rate of slope decreases with the rise of water pressure. Meanwhile, the strength and Young’s modulus of specimens in Ht group decrease with increasing water pressure. While, the cooling down treatment has a great effect on the densification stage, elasticity and failure procedures of specimens in Cd group with no obvious pattern.

In the Ht group, the STSS of specimens are decreasing with the increase of water pressure. Meantime, the peak displacement is increasing with the increase of water pressure. In the Cd group, the STSS and peak displacement of specimen WP1 are the lowest one. While, the STSS of specimen W1 is the biggest one. The differences in mechanical properties of the gritstone specimen are mainly caused by the ablation effect in the microscale under different HTHP and cooling down conditions.

The surface deformation characteristics of the tested gritstone specimens are investigated by analyzing the full strain field and the local strain concentration. In the gritstone specimen, the major principal strain is first concentrated in the bottom or the top of gritstone specimens where the crack is initiated. The small jump of local strain means crack initiation and propagation, while the fracture of strain gauge leads to strain mutation.
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In cold regions, saturated fractured rock is prone to crack initiation, extension, and branching along the original fracture end under the effect of freeze-thaw (F-T) cycles and cyclic fatigue loadings. The resulting strength deterioration is accompanied by large amounts of pore growth, which results in localized damage and fracturing along the crack end and even causes overall failure. To study the fatigue damage behaviors of fractured rocks under F-T cycles and cyclic loadings, single-joint quasi-sandstone specimens with joint angles of 45° and 90° were prepared. Subsequently, F-T damage tests with 0, 10, and 20 cycles and cyclic loading tests with different stress levels were performed. The F-T damage features are discussed based on the binarization image of localized damage along the joint ends and their wave velocity variations. It is found that the frost damage of single-joint quasi-sandstone tends toward a strip with localized fatigue characteristics. Moreover, the changes of strain compliance and dissipated energy are studied under the effect of loading-unloading fatigue. Some of the interesting phenomena observed are as follows: (i) during the early stage of cyclic loading, the joint can be compacted; nevertheless, it tends to expand along the fracture direction once it passes the elastic stage, and the irreversible plastic deformation is stable at this stage. (ii) The cracks caused by F-T damage in the 45° single-joint samples deflect along the fracture direction, in contrast to the 90° single-joint specimens. Moreover, the samples with a 45° single joint are more susceptible to original fracture at the early stage of the failure process, which results in a different failure mode from that of the 90° single-joint samples. (iii) The F-T cycles and cyclic loadings have a coupling effect on the single-joint sandstone. The strain compliance and hysteresis energy keep increasing uniformly after the F-T cycles and cyclic loadings.

Keywords: single-joint sandstone, freeze-thaw damage, cyclic loading, fatigue deformation, energy change


INTRODUCTION

The frost-heave effect is an important issue for many environmental and engineering problems in the permafrost region (Pei et al., 2019). During freeze-thaw (F-T) cycles, fractured rocks in cold regions are prone to localized damage and fracture failure along the crack end, which is essentially a problem of fatigue damage by repeated frost-heaving forces and melting (Ruedrich et al., 2011; Jia et al., 2015). Additionally, external cyclic loadings also have an obvious impact on the periodic damage and durability of fractured rocks, which has become a key concern in engineering geological disasters (Gruber et al., 2004; Gruber and Haeberli, 2007; Mu et al., 2018; Yang et al., 2019). Therefore, it is necessary to carry out an experimental study of cumulative fatigue damage and tip fracture evolution of fractured rocks under F-T cycles and periodic loadings, which has practical significance for the understanding and the evaluation of the long-term stability of fractured rock damage in cold regions.

Some interesting research has been carried out on F-T damage and mechanical performance of intact rocks or loess in cold regions (Walder and Hallet, 1985; Krautblatter et al., 2010, 2013; Tan et al., 2011; Pudasaini and Krautblatter, 2014; Shen et al., 2019; Xu et al., 2019). However, few reports exist on the damage mechanism and fracturing process of fractured rocks in cold regions. Matsuoka (1995, 2008) prefabricated fractured granite, studied its fracture expansion process, and proposed that the segregation process of ice in the fissure is the main cause of crack fracture and expansion. Murton et al. (2006) used chalk to explore the action mechanism of segregated ice under F-T cycles in the laboratory. The results showed that macroscopic cracks appeared after the 10th cycle, and the samples completely broke after the 21st cycle. Liu et al. (2015) and Huang et al. (2018) carried out systematic experimental research on the crack frost-heave force of fractured rock in a low-temperature environment and frost-heave crack expansion. The authors argued that the key problems in the study of F-T damage on fractured rocks are as follows: the water transfer mechanism in rocks during the F-T process, the generation and dissipation mechanism of the frost-heave force, and the F-T expansion of fractures.

To explore fatigue deformation and tip fracture of fractured rocks, Yang et al. (2017) carried out cyclic loading tests on prefabricated double-fractured rock and analyzed the initiation, expansion, and penetration process of a crack group under cyclic loadings. Rodríguez et al. (2016) carried out loading-unloading splitting tests on marble disks containing micro-fissures, studied the development and evolution process of micro-cracks, and found that the cracking process is brittle, explosive, and localized. By studying the crack propagation and condensation behavior in rock materials, Lin et al. (2019), Zhao C. et al. (2019), and Cheng et al. (2016) found that the crack opening has a significant impact on the crack initiation stress and path. Yang et al. (2017); Li et al. (2005), and Park and Bobet (2009, 2010) conducted systematic experimental studies on prefabricated fractures of rock model materials and found that new cracks develop and expand steadily along the crack end and incline toward the direction of maximum compressive stress. In addition, many test results showed that the native fissure angle, geometry, and stress condition control the initiation, evolution, and coalescence laws of secondary cracks (Shen et al., 1995; Bobet and Einstein, 1998; Wong and Chau, 1998; Sahouryeh et al., 2002; Wang S. et al., 2019; Wang Y. et al., 2019).

Until now, few experimental studies have comprehensively investigated the F-T damage and loading-unloading fatigue fracture of fractured rocks. However, some previous studies on the fatigue fracture of concrete and rock under the combined action of environmental factors and periodic loadings provide some valuable information (Sun et al., 1999; Jang et al., 2014; Lei et al., 2018; Gao et al., 2019; Tan et al., 2019; Zhao Y. et al., 2019). Therefore, this work used single-joint quasi-sandstone samples with joint angles of 45° and 90°, and the fatigue damage of fractured sandstone was studied experimentally under F-T cycles and periodic loadings. The F-T effect on the degradation of different single-joint sandstones was analyzed by focusing on the wave velocity changes and localized damage binarization images of fractured sandstone samples after different F-T cycles. Moreover, the fatigue deformation process of fractured sandstones was studied by observing the changes of strain compliance and dissipated energy during the loading-unloading process. Under the combined action of F-T cycles and cyclic loadings, different failure modes of fractured sandstone were observed at different angles.



EXPERIMENTAL PROCEDURE


Quasi-Sandstone Sample Preparation

In the past, numerical simulations were typically used to research fractured rock because of sampling difficulties (Wong and Zhang, 2014; Cheng and Zhou, 2015). Park and Bobet (2010), Lee and Jeon (2011); Tang et al. (2001), and Zhou et al. (2014) used gypsum materials or rock-like mix materials to prepare fractured rocks and obtained good test results. In this study, rock-like mix materials are used to produce single-joint sandstones with joint angles of 45° and 90°, which are standard cylindrical samples with a diameter of 50 mm and a height of 100 mm (ASTM C1583–04, 2004). Here, the aggregate is selected to be fine sand screened with a 1.25 mm sieve. The cementing material is high-strength white cement, which is supplemented with common gypsum to enhance its cementing effect. Reduced iron powder with 35-μm-grain is mixed to consider the thermal conductivity of the quasi-sandstone materials; see Figures 1A,B. Finally, in order to prefabricate the crack, the iron bar is embedded in a mold; see Figure 1C. After the initial setting of the samples, the iron bar is pulled out to form a through crack. The prepared single-joint sandstones can be seen in Figure 1D.


[image: image]

FIGURE 1. Single-joint sample preparation.




Freeze-Thaw Cycle Tests

After the standard samples reach the final setting requirement of 28d, all the samples are saturated using the vacuum pressure saturation device. To ensure that the single crack is completely saturated and not lost, injection of super-cooled water is used to treat the single crack after each F-T cycle; see Figure 2A. First, the samples are precooled at a predetermined low temperature. When the crack is at the lowest temperature, the samples are wrapped completely in plastic. Then, a syringe is used to inject an amount of water approximately equal to the crack volume. At this time, the water inside the crack rapidly condenses and freezes, and the crack becomes saturated. Subsequently, F-T tests of 0, 10, and 20 cycles are performed on the water-saturated single-joint sandstone samples; see Figure 2B. According to the ambient temperature in cold regions, the F-T temperature range is set from −20°C to +20°C, and one cycle lasts 12 h (freezing time: 6 h; thawing time: 6 h). In order to analyze the damage and degradation caused by the F-T cycles on fractured sandstone with different angles, ultrasonic tests and binarization treatment (Particles and Cracks Analysis System, PCAS) (Liu et al., 2011) are performed on the 45° and 90° fractured sandstone after different F-T cycles; see Table 1.


[image: image]

FIGURE 2. Test equipment and procedure.



TABLE 1. Wave velocity changes of single-joint rocks under different F-T cycles.

[image: Table 1]


Loading-Unloading Fatigue Tests

After 0, 10, and 20 F-T cycles, cyclic loading tests are carried out on the fractured sandstone samples using MTS815 electro-hydraulic test equipment. In order to determine the deformation evolution of the samples during the loading-unloading process accurately, a chain-train extensometer is arranged around the cylindrical samples; see Figure 2C. For the fatigue loading test, the sine wave loading mode is adopted for the stress control. First, the upper-limit stress of level I is applied by constant-velocity loading at 0.05 kN/s. Second, the upper-limit stress is unloaded to the corresponding lower-limit stress. The sample undergoes 10 loading-unloading cycles at each stress level. After cyclic loadings at each level, the upper-limit stress is increased by 5% to continue to the next stress level. The test is repeated until the single-joint sandstone is broken. Herein, the upper-limit stress value refers to previous experience from similar tests; the details of the cyclic-loading test scheme are given in Table 2.


TABLE 2. Loading-unloading cyclic test scheme.

[image: Table 2]


RESULTS AND DISCUSSION


Localized Damage and Strength Deterioration Analysis

The wave velocity changes of the single-joint rocks under different F-T cycles show that the longitudinal wave velocity is significantly reduced after multiple F-T cycles, and the wave velocities of the 90° single-joint samples are bigger than those of the 45° single-joint samples under the same F-T conditions. For the 45° single-joint samples, the wave velocities sequentially decrease by 204 and 300 m/s after 10 and 20 F-T cycles, respectively. However, that of the 90° single-joint samples only decreases by 132 and 151 m/s after 10 and 20 F-T cycles, correspondingly. This indicates that the samples with a 45° angle are more susceptible to F-T damage. Figure 3 shows the binarization image of the localized damage process of the 45° and 90° single-joint samples under different F-T cycles. The localized damage effect at the crack end tends to be significant with increasing the number of F-T cycles. The sandstone surface exhibits granule spalling with gradually increasing granule size, and micro-cracks are generated at the crack end. The statistical analysis and calculation show that the localized damage is mainly distributed in a strip along the crack direction with a width of 5d. Remarkably, the cracks caused by F-T damage in the 45° single-joint samples deflect along the fracture direction and accompany a few micro-cracks, in contrast to the 90° single-joint samples. After multiple F-T cycles, the 90° single-joint samples are prone to widening at the lower end, and extended cracks are generated along the fracture direction. These results are consistent with the wave velocity changes and indicate that the interior of saturated single-joint sandstone experiences tensile stress and micro-pore damage under the effect of a repeated frost-heave force, which results in weakened consolidation of mineral particles within the rock.


[image: image]

FIGURE 3. Binarization image of localized damage under different F-T cycles.


Frozen rock is a typical heterogeneous granular material composed of solid mineral particles, ideal plastic ice crystals, unfrozen water, and gaseous components (Jia et al., 2019); hence, under negative temperature conditions the volume of rock mineral particles shrinks. However, the volume of pore water and crack water expand because of the water-ice phase transformation, which causes uncoordinated deformation across the particle boundary. It also generates a frost heave force between cracks, internal micro-cracks, and mineral particles that results in broken connections between mineral particles with weaker cementation. At the same time, initiation of local micro-cracks occurs owing to stress concentration at the crack end. When the temperature is higher than the freezing point, the ice melts and the frost-heave force dissipates gradually (Ruedrich et al., 2011; Tan et al., 2018). The freezing and thawing process caused by environmental temperature is equivalent to the loading and unloading fatigue test of fractured rock. When the frost-heave stress reaches the fatigue tensile strength of sandstone material, micro-cracks are initiated, extend, and even break through the material with repeated water-ice phase transformation. In addition, the growth and propagation of each crack provides a bigger space for saturating and freezing-thawing, forming a vicious circle of frost-heaving damage (Shen et al., 2020). As the damage progresses, its extent tends to be directional. The deepening of F-T damage reflects the softening of the fractured rock. According to the development of macroscopic cracks in a localized area, the crack tip can be divided into the following:

(i) a fracture zone that exhibits macroscopic cracks;

(ii) a progressive damage zone with clusters of directional micro-cracks; and

(iii) a systematic damage zone with uniformly distributed stress.

Figure 4 shows the stress-strain curves of the fractured sandstone samples under cyclic loadings after 0, 10, and 20 F-T cycles, in which the axial and volumetric strain are positive and the circumferential strain is negative. By comparing and analyzing the evolution laws governing the relationship between the stress and axial strain, circumferential strain, and volumetric strain of the 45° and 90° single-joint samples during loading-unloading under different F-T cycles, the following main features can be obtained:


[image: image]

FIGURE 4. The stress-strain curves of fractured sandstone under different F-T cycles.



(1)With increasing number of F-T cycles, the corresponding fatigue fracture strength of the 45° and 90° single-joint sandstone samples gradually decreases during the loading-unloading process. Additionally, the fatigue fracture strength of the 90° single-joint samples is bigger than that of the 45° single-joint samples under the same F-T conditions. These results are consistent with the above analysis and indicate that the F-T cycles cause obvious internal cumulative damage to the fractured sandstone, which aggravates the strain softening process of the fractured sandstone.

(2)As the number of F-T cycles increases, the hysteresis loop curve of the relationship between the loading-unloading stress and the axial strain shows an obvious expansion, which reflects that the plastic damage strain inside the sample gradually increases with increasing F-T cycles. Its external appearance is characterized by the initiation and extension of macroscopic cracks along the crack end that accompany secondary wing cracks as shown in Figure 3. Moreover, there is systematic damage caused by frost-heaving inside the sample, which is refle cted by wave velocity variations.

(3)With increasing number of F-T cycles, the curves of loading-unloading stress and volumetric strain exhibit obvious hysteresis, and the hysteresis loop curve expands partly after the F-T cycles. This indicates that after F-T damage the interior of the sample is loose and its cementation and structure are weakened. When subjected to a load, volumetric strain is generated rapidly. During the loading-unloading process, the overall volume shrinkage rate tends to be significant, which is positively correlated with the F-T cycles. In addition, it can be observed in Figure 4 that no significant difference exists between the loading-unloading stress and circumferential strain curves under different F-T cycles.

(4)Compared with the 90° single-joint samples, the slope of the hysteresis loop curves of the 45° single-joint samples is always slightly lower. That means that the strain of the 45° single-joint sandstone is more sensitive to the stress changes in the loading-unloading process. This indicates that the 45° single-joint sandstone is more affected by F-T damage and its plastic deformation is more prominent. This also confirms the results of the binarization image analysis.





Deformation and Fracture Characteristics Analysis

As mentioned previously, there are significant differences between the variation laws of the hysteresis loop curves obtained under different F-T conditions. Liu et al. (2018) and Tutuncu et al. (2002a, b) conducted an experimental study on the deformation law of porous granular sedimentary rocks under uniaxial cyclic stress and found that the characteristics of the stress-strain hysteresis loop are closely related to the stress condition and the strain amplitude. To analyze the deformation characteristics of fractured sandstone during variable-amplitude cyclic loadings, Qiu et al. (2012) used the concept of strain compliance [image: image], which is the ratio of the strain increment caused by axial compression to the corresponding stress amplitude during cyclic loadings at each stress level.

[image: image]

Here, Δεa, Δεc, and Δεv are the axial, circumferential, and volumetric strain increments, respectively.

The strain compliance [image: image] is a physical quantity representing the change rate of the deformation increment in each direction under the action of loading-unloading axial compression. It can effectively reflect the effect of cyclic loading variation on the deformation of fractured sandstone. Moreover, it represents the response speed of the internal structure of sandstone to the stress mode and change process (Shen et al., 2018). Figure 5 shows the variation rules of axial, circumferential, and volumetric strain compliance under different loading-unloading stress levels. The figure demonstrates that:


[image: image]

FIGURE 5. Relationship between the rate of strain compliance and the loading-unloading stress level of fractured sandstones under different F-T cycles.



(1) After being subjected to 0, 10, and 20 F-T cycles, the 45° single-joint sandstone samples were destroyed at the loading-unloading stress levels VII, V, and V, respectively. The corresponding 90° single-joint sandstone samples were destroyed at the loading-unloading stress levels VIII, VI, and V, respectively. This shows that the F-T cycle has a significant effect on the degradation of the fatigue strength of the fractured sandstone samples. After the F-T cycles, micro-cracks develop and expand gradually at the end of the original fracture. Meanwhile, the number of internal pores of the sample increase, the structure becomes loose, and the resistance to cyclic fatigue loadings decreases.

(2) The absolute values of axial, circumferential, and volumetric strain compliance are all relatively large at stress level I. Subsequently, a trend of an initial decrease and a subsequent uniform increase appears. This indicates that the sample has experienced three development stages under the cyclic loadings: a compaction phase, an elastic phase, and a plastic phase. At the initial stage of repeated loading-unloading, the structure and mechanical properties of the rock can be optimized, such as reduction of the original pores, closure of cracks, and enhancement of inter-component occlusion. As shown in Figure 5, larger deformation occurs at stress level I of the cyclic loading process, and the recoverable deformation is limited during the unloading process, so the strain compliance is relatively large. Then, the sample gradually transits to the elastic stage, and the deformation can be recovered during the loading and unloading process. The strain increment decreases and generally reaches the valley value at stress level III. Finally, with the increase of the stress level of the cyclic loadings, the sample enters the plastic stage, and each loading and unloading cycle makes the damage develop on the original basis. The axial, circumferential, and volumetric strain compliance gradually increase with the cyclic loadings. This is characterized by the occurrence of micro-cracks around the micro-pores in the sandstone due to stress concentration, initiation and expansion of the original closed cracks accompanied by secondary wing cracks, overall cracking through along the original crack direction, and final failure.

(3) The more F-T cycles the fractured sandstone samples are subjected to, the greater strain compliance and the more significant the increasing or decreasing trend of the strain compliance. Sandstone is susceptible to F-T damage in the saturated state because of its porous structure. The composition and structure of internal mineral particles are degraded by the frost-heaving force, which reduces the compactness of the material and the adhesion between particles and enhances its brittleness. Under the cyclic loadings, the strain is increased, the compaction phase is prolonged, the elastic phase is shortened, and the variation law is significantly enhanced.

(4) All the absolute values of strain compliance (axial, circumferential, and volumetric strain compliance) of the 45° single-joint sandstone are bigger than those of the 90° single-joint sandstone samples. Further, the variation trend and slope of the strain compliance of the 45° single-joint sandstone are more steep. This indicates that the compaction stage and plastic deformation of slant fractured sandstone are more obvious under the combined action of F-T cycles and periodic loadings compared with a fracture parallel to the loading direction, which is characterized by increased pores, more cracks, weakened particle bonding, and brittle material.



After F-T damage, the 45° and 90° single-joint samples experienced different deformation phases under cyclic loadings and broke at a certain stress level. The 45° and 90° single-joint sandstone samples exhibited two completely different fracture morphologies; see Figure 6. The 45° single-joint sample shows typical tensile-shearing failure along the original fracture; two main cracks appeared along the load direction at both ends of the original fracture, creating severe crushing and particle spalling around the fracture. However, crushing areas occur at both ends of the 90° single-joint sandstone sample and larger particles are spalled. There is only one main crack along the 90° single-joint, which is parallel to the load direction. It is the typical splitting failure along the original fracture end. This is the result of cumulative damage under the F-T cycles and cyclic loadings, which can be explained by the concept of the “minimum resistance area.”


[image: image]

FIGURE 6. Comparison of fracture morphologies.


For the 45° single-joint sandstone samples, the minimum resistance area can be seen in Figures 7a1,a2. Because the projected area of the 45° single-joint is not considered as the resistance area, the stress in the middle of the sample is different from that on both sides; see Figure 7a3. Under axial fatigue loadings, the 45° single-joint sample is subjected to tensile shearing failure and forms cracks; as shown in Figure 7a4. Subsequently, the original fracture is compacted and tends to close under the loading-unloading process, and crushing and particle spalling occur around the original fracture owing to the stress concentration and the localized weak area caused by the F-T cycles. Finally, the main failure mode formed, as shown in Figure 7a5. Figure 7a6 illustrates the failure morphologies of the 45° single-joint sandstone samples; the main cracks are deflected owing to localized damage and wing cracks are caused by the F-T cycles.


[image: image]

FIGURE 7. Failure modes of the 45° and 90° single-joint sandstone samples.


The projected area of the 90° single-joint is very small, and the minimum resistance area is close to the projected area of the cylindrical sample section, as shown in Figures 7b1,b2. Under axial fatigue loadings, the early stage of the failure process of the sandstone sample is equivalent to the loading state of intact cylindrical sandstone; see Figure 7b3. Therefore, there is crushing of bigger areas and spalling on both ends of the sample; see Figure 7b4. Subsequently, vertical splitting failure occurs in the sandstone at the original fracture ends, and a crack forms along the fracture direction; see Figure 7b5. Figure 7b6 depicts the failure morphologies of the 90° single-joint sandstone samples.



Energy Evolution Analysis

The elastic-plastic deformation failure of fractured rock is essentially a process of energy dissipation. The law of energy evolution in the process of fatigue failure can reflect the essential characteristics of the deformation, damage, and failure of fractured rock. Under the action of uniaxial periodic loadings, part of the total energy absorbed by the rock becomes elastic-strain energy and the remaining energy is dissipated in the form of heat and radiant energy (dissipated energy). Bagde and Petroš (2005, 2009) studied the influence of strain amplitude and frequency on the fatigue and energy characteristics of sandstone under cyclic loadings. Rodríguez et al. (2016) analyzed the evolution law of crack expansion under different loading-unloading paths from the perspective of energy. According to the relationship between the area of the hysteresis loop of the stress-strain curve obtained under cyclic loadings and the dissipated energy (Xiao et al., 2010), the area enclosed by the axial stress-strain curve and the strain in a cyclic loading stage is the unit volume energy Ev. Further, the area enclosed by the axial stress-strain curve and the strain at the unloading stage is the elastic deformation energy per unit volume Ee, and the area of the hysteresis loop in each cycle is the dissipated energy per unit volume Ec. In this study, the 7th hysteresis loop at stress level I of cyclic loading under 10 F-T cycles is considered as an example to describe the calculation of the area of the hysteresis loop; see Figure 8.


[image: image]

FIGURE 8. The 7th hysteresis loop at stress level I under 10 F-T cycles.


[image: image]

Here, σi and σi+1 are the axial stresses at points i and i+1, respectively, on the axial loading curve, in MPa; εi and εi+1 are the corresponding axial strains; [image: image] and [image: image] are the axial stresses at points i and i+1, respectively, on the axial unloading curve, in MPa; [image: image] and [image: image] are the corresponding axial strains.

Figure 9 shows the evolution law of the dissipated energy per unit volume with fatigue cycles during loading and unloading. In the loading-unloading fatigue test, the dissipated energy is mainly the plastic deformation energy required for crack initiation, propagation, and penetration; it also includes the plastic deformation energy that causes irreversible damage inside the rock. For the 45° and 90° single-joint sandstone samples tested under different F-T cycles, with increasing loading-unloading stress level, the variation rules of the dissipated energy per unit volume are different, which can be mainly summarized by the following four points:


[image: image]

FIGURE 9. Evolution law of dissipated energy per unit volume with fatigue times under different F-T cycles.



(1)The unit volume energy and the elastic-strain energy per unit volume generally increase in a step-like manner with increasing stress level during loading and unloading. The more F-T cycles are subjected to, the smaller the unit volume energy and the strain energy per unit volume are. As the axial dissipated energy per unit volume (that is, the area of the hysteresis loop) increases with increasing F-T cycles, the change range is relatively small compared with the case of no F-T cycles. This shows that the elastic-strain energy of fractured sandstone can be reduced by the F-T damage and dissipated owing to deformation; that is, the dissipated energy is unrecoverable.

(2)The evolution of dissipated energy per unit volume of sandstone under 10 and 20 F-T cycles is mainly observed in stages 1, 2, and 3. In stage 1, which is the initial stage of cyclic loadings, the energy input by the system is dissipated owing to unrecoverable deformation, such as pore compaction and crack closure in the sample, so the dissipated energy per unit volume is relatively large. In stage 2, the dissipated energy gradually decreases with increasing fatigue loading cycles. The sample density increases, the elastic-strain energy increases, and the dissipated energy continues to oscillate around the lower value. Later, in stage 3, the stress level is larger, the internal structure of sandstone is gradually damaged under complex stress conditions, and more cracks are activated and integrated. All these continue irreversible damage, and dissipated energy increases gradually in this process. When the cumulative crack density reaches a certain threshold, the fractured sandstone material fails. The evolution process is consistent with the strain compliance variation law shown in Figure 5. The results show that it is a simple and effective way for quantitatively analyzing the energy evolution and deformation characteristics of samples under loading-unloading fatigue tests by using the area of the hysteresis loop.

(3)The sandstone sample that did not undergo any F-T cycles is a standard room-temperature test sample with larger particle inter-granular intensity, prominent anisotropic features, and severe deformation. The dissipated energy increases gradually owing to the diverse and irregular deformation, and the amplitude of oscillation increases until failure. Moreover, after fatigue failure, the sandstone structure is observed to be relatively broken, and the local characteristics of the 10 and 20 F-T cycle samples after failure are obvious.

(4)Compared with the variation laws of the dissipated energy per unit volume of the 45° and 90° single-joint sandstone samples under different F-T cycles, the values of dissipated energy per unit volume of the 90° single-joint sandstone are slightly smaller, and the change trends are gentler, which is consistent with the results of the strain compliance analysis. However, with increasing loading-unloading stress level, the dissipated energy per unit volume in stage 2 does not increase and decrease visibly. This also indicates that the internal damage and development of cracks in the sandstone samples at this stage converge.





CONCLUSION


(1)The frost-heaving damage of the fractured sandstone caused by the F-T cycles is a tip fatigue failure problem, showing typical localized damage characteristics. Crack development gradually moves from the fracture zone to the progressive-damage zone, accompanied by unrecoverable system damage. This forms a vicious cycle of secondary crack extension and material strength degradation.

(2)The cyclic loadings strengthen the mechanical properties of fractured sandstone in the early densification stage. With increasing loading-unloading stress level and stress amplitude, the cracks are activated again and expand along the fracture direction after the elastic stage, and the irreversible plastic deformation is enhanced continuously. The corresponding hysteretic loop becomes round, and the strain compliance and dissipated energy per unit volume increase gradually.

(3)Under the combined action of the F-T cycles and cyclic loadings, the fatigue damage characteristics of fractured sandstone are not only related to the stress conditions but are also closely related to the F-T cycles. The greater number of F-T cycles are subjected to, the more significant the fatigue damage characteristics are, and the greater the corresponding strain compliance and dissipated energy are. In addition, the F-T damage and the fatigue failure of cyclic loading have a superposition effect. The localized damage and systematic damage caused by the former can promote the development of fatigue damage.

(4)The failure mode of the 45° single-joint sandstone is typical tensile-shearing failure, which consists of initial fracture and subsequent crushing. However, the failure mode of the 90° single-joint sandstone is typical splitting failure along the original fracture end, which is the opposite process. In addition, the 45° single-joint sandstone is more susceptible to original fracture and results in localized damage under F-T cycles and cyclic loadings.
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To investigate the shear strength and creep behavior of red-clay, laboratory experiments were conducted and the experimental results were compared with available theoretical creep models. Based on the consolidated drained (CD) triaxial tests results, internal friction angle and cohesion of the red clay soil were 21.5° and 61.1 kPa, respectively. Three different confining pressures were set up to conduct the creep tests using multi-stage loading. The overall creep curves exhibited stepped stress-strain behavior. The creep behaviors were remarkably different from the soils tested with three distinct confining stresses. The post-creep failure mode of all the red clay samples exhibited drum shaped parabolic bulging with predefined shear planes. The experimental results were compared with three different types of creep models that used in practice. Among all of this verified results, Burger’s model behaved betted than other models when fitting with the data collected from the experiment. An experimental result based empirical equation has also been developed which fits well with the experimental results obtained from the tested red clay samples. The results of this study will be helpful to evaluate the long-term shear strength and deformation of red clays subjected to various structural loadings.
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INTRODUCTION

Under the hot and humid climate in the south of China, limestone, dolomite and other carbonate rocks undergo long-term physical and chemical weathering and reddening that formed a kind of high plastic clay with colors of brown red, purple red, and brown yellow. The liquid limit is generally greater than 50%, which is defined as red clay in engineering classification (Lu, 2001). The specific surface area of red clay is large, the adsorption capacity of particles is strong, coupled with the cementation of free iron oxide, solid particles are formed in the natural state (Wang and Song, 2018). Red clay owns a large natural water content and a small liquid index, which is mainly in a hard-plastic state. This material belongs to a medium low compressibility soil when considering its property of void ratio and compressibility Its internal friction angle is small, but its cohesion is large, and its bearing capacity is high, which indicates that red clay has good engineering characteristics (Li et al., 2019). Because of these advantages of red clay, red clay is often used as subgrade fill in these areas, or directly as bearing foundation to build buildings and structures in red clay areas (Yang et al., 2019). Red clay is widely distributed in wet areas with abundant water in the south of China, such as the city of Chongqing. Its creep characteristics and long-term stability are directly related to the safety of the project and its surrounding environment. Therefore, it is of great engineering significance to study the creep characteristics of red clay.

Rheology of soil includes the changes in the physical and mechanical properties of soil or rock mass over time under a constant stress. Such processes include creep, stress relaxation, long-term strength, elastic lag, etc. (Grimstad et al., 2010; Yin and Tong, 2011; Boyle, 2012; Zhao et al., 2017a, b), among which the creep behavior of the soil is the most extensive research topic. Excessive creep in the soil can lead to differential settlement in buildings, dam foundation failures, and landslides.

The creep characteristics of rock and soil are usually described by element creep model and empirical creep model. The famous component models include: Maxwell model, Kelvin model, Burgers model, etc. (Atkinson, 1978; Zhao et al., 2018, 2019), the famous creep model Empirical models include Singh Mitchell model (Singh, 1968), Mesri model (Mesri et al., 1981), etc. Mitchell (1960) indicated that clays are easier to creep due to its flocculence structure. Early works were focused more on soil creep properties that exhibit the relationship between time, stress and strain. Various creep models have been proposed to predict settlement of builds or dam foundations. At present, the study of creep behavior has been extended to evaluate the long-term deformation of most geotechnical engineering applications such as slope stability, tunnel, dam, etc. More robust research, such as study of the three-dimensional or in situ creep behavior of different kinds of soils, such as clay (Sayed-Ahmed et al., 1998; Naumann et al., 2007; Maio et al., 2015), boom clay (Yu et al., 2015), soft clay (Yin et al., 2015), expansive clay (Vu and Fredlund, 2004; Thyagaraj and Rao, 2013), and sand (Zhang et al., 2018) have been carried out. The long-term mechanical properties of sandstone and tailings are particularly important in the fields of hydropower, energy, mining and others. Kovalenko (1973) investigated the consolidation of a peat base. Similarly, creep behaviors of granular soil (Kuwano and Jardine, 2002) and gassy muddy soil (Xu et al., 2014) have also been studied in the past. On the other hand, some researchers have studied the soil microscopic properties for the creep deformation (Shi et al., 1997; Li and Li, 2012; Sachan et al., 2013).

Several mathematical models are available to describe the creep behavior of rock or soil mass. At present, the available creep constitutive models can be divided into three categories: (a) element models established based on the theory of sticky elastic-plastic, such as Kelvin model, Burges model, and Liu Baochen model; (b) models based on the experimental data, through studying the experience of the statistics law to establish model; (c) microscopic model which was established based on the microscopic rheology theory, such as empty-pipe network model (Jong, 1968), micro sliding surface model (Shi et al., 1997) and discrete particle model (Kuhn and Mitchell, 1993), etc. The first two models are the most widely used ones. However, the theoretical model shows low precision when used to describe the non-linear characteristic of soil creep behavior and the determination of model parameters is complicated. Development of models based on the laboratory experimental data requires a few soil parameters although it predicts the creep behavior more accurately. However, such models are soil specific and cannot be generalized for all types of soils and of field conditions. Microscopic model parameters are more difficult to identify although these models reveal the microscopic characteristics of soil creep and can help to understand its creep properties and corresponding deformation mechanism.

Although the creep properties of clay have been studied for a long time, due to the complexity in the behavior of rock and soil as well as the sedimentation history, variation in the mineralogical composition, significant regional differences, it is important to determine an appropriate model to represent the creep behavior of a specific region and soil type. This study focused on the creep behavior of red clay abundantly available in Chongqing, China, through laboratory experiments and theoretical analysis. A few of comparative analysis of theoretical and empirical models was performed to describe the nature of the red clay creep process. Many important projects have been built on these red clays, such as shown in Figure 1. Similarly, these red clays are also widely used at highway excavation sites in the study area (Figure 2).


[image: image]

FIGURE 1. A structure in the study area constructed on the red clays.
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FIGURE 2. Red clay slopes encountered during highway excavation in the study area.




MATERIALS AND METHODS

This section describes the index properties of soil samples, instrument and equipment used to simulate consolidated drained (CD) triaxial compression process, creep test methods, and test procedures.


Soil Investigated

Typical red clay samples available in hot and humid regions areas of southern China were collected from Shapingba area of Chongqing, China. Red clays are formed by the laterization from exposed carbonate rocks, and can be brownish red or brownish yellow. The physical properties of red clays used in this study are summarized in Table 1. It was classified as fat clay (CH) per according to Unified Soil Classification System.


TABLE 1. Soil index properties of tested samples.

[image: Table 1]


Soil Testing Methodology


Consolidated Drained (CD) Triaxial Compression Tests

The triaxial compression test was conducted with a strain-controlled triaxial compression apparatus (TSZ-6A) manufactured by Nanjing Soil Instrument Factory Co., Ltd. (Figure 3). This apparatus uses a cylindrical specimen with a diameter of 61.8 or 101 mm and a length of 125 or 200 mm. The maximum confining pressure that can be applied in this apparatus is 2.0 MPa.
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FIGURE 3. Strain control triaxial compression apparatus (TSZ-6A).


The natural red clay samples was compressed into a cylindrical mold having an internal diameter of 61.8 mm and a length of 125 mm and the density was 1.6 g/cm3. The compacted samples were submerged under a de-aired water bath and saturated by applying vacuum pressure from one end of the sample. The saturated samples were then frozen to maintain the shape of the cylinder and transferred to a triaxial apparatus.

Five confining pressures were applied to the tested soil samples i.e., 50, 75, 100, 200, and 300 kPa. The corresponding deviator stress is measured for different confining stresses. The shear strength parameters of the red clay samples were calculated by drawing the Mohr’s circles. The stress-strain behaviors observed in the strain-controlled CD triaxial test helps to develop a test plan for the creep test as the failure strains at different confining stresses can be known through the CD triaxial tests results. Special measures have been taken to reduce errors in the instrument itself and during commissioning. To study the effect of confining stress on the shear strength parameters, tests and corresponding analyses were performed in three different confining stress ranges – (a) low stress range including the confining stresses of 50, 75, and 100 kPa, (b) medium confining stress range including the confining stresses of 75, 100, and 200 kPa, and (c) large confining stress range including 100, 200, and 300 kPa. Full saturation of the soil specimens was confirmed by checking the saturation index B values, which were larger than 0.98 in all the cases.



Creep Tests Methods

Creep tests were conducted using a triaxial rheology apparatus (TRA-001) (Figure 4). Currently, creep test can be performed, through two approaches – (a) multi-stage loading in soil samples and (b) multi-stage loading in individual soil samples. The former method involves gradually applying different deviator stresses on one sample. In this way, each loading step needs to be completed until the deformation of the sample reaches a steady state i.e., cease further deformation. At the final procedure of loading, the sample showed a serious failure. The later approach involves applying different stresses on samples using the same equipment and test conditions and obtaining a series of creep behavior curves for different stresses. The advantage of the former method is that the creep test can be performed with only one sample and the overall creep curves can be obtained for different stresses using various available creep models such as the Boiztman linear superposition principle. Therefore, the first method was used in this study.
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FIGURE 4. Triaxial rheology apparatus (TRA-001).


In this study, creep tests were conducted in three different groups at confining pressures of 50, 75, and 100 kPa, respectively, according to the first approach of multi-stage loading described above. Required loadings were applied into five different steps. First, the first step of loading will be applied to the red clay sample followed by the second step when the recorded vertical deformation is less than 0.001 m within 24 h. Further steps of loading are applied similarly until the completion of all steps and the failure of all samples. Gradual loading stages were calculated based on the maximum deviator stress obtained from the CD triaxial compression test described above. The loading steps are presented in Table 2.


TABLE 2. Gradual deviator loading steps applied for different confining pressures.

[image: Table 2]


TEST RESULTS AND DISCUSSION


CD Triaxial Compression Tests


Analysis of Stress-Strain Behavior

Deviator stress–axial strain relationships obtained from the CD triaxial test is shown in Figure 5. As presented in Figure 5, the sample exhibited contractive behavior at a confining stresses of 50, 75, and 100 kPa and the deviator stresses peaked at the axial stress of approximately 20%. This indicates that the soil sample undergoes significant creep damage at a lower confining pressure. However, when the confining stress is increased more than 100 kPa, the deviator stress does not exhibit any peak value even at the axial strain of 20%. Figure 5 also shows that under a given confining stress, the axial strain rate of the sample is larger in the early stage of loading and gradually decreases in the later stages. The axial strain required to obtain a stabilized deviator stress increases as the confining pressure increases. The stress-strain behavior of each stress limit is significantly different.


[image: image]

FIGURE 5. Stress-strain curve of red-clay.




Shear Strength Parameters

Presented in Figure 6 is the Mohr Circles and shear envelopes developed from the CD triaxial compression test results in the low, medium and high confining stress ranges, respectively. Data presented in Table 3 shows the major principal stresses at failure or at 20% axial strain for non-failure red clay specimens, corresponding confining stresses for each set of constrained stress, and the corresponding cohesion and friction angles obtained from linear regression analysis. The average values of the internal friction angle and cohesion all three sets of confining stresses were 21.5° and 61.1 kPa, respectively.
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FIGURE 6. Mohr Circles and shear envelope developed for the red clay samples tested at low confining stress range i.e., 50–300 kPa.



TABLE 3. Soil strength parameters obtained from the CD triaxial compression tests.
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Failure Patterns of the Samples

Figure 7 shows the failure patterns of the samples after the CD triaxial compression tests. As shown in Figure 7, in the case of confining stress 50 and 75 kPa, the deformation pattern was not remarkable, and no failure surface was observed. The sample presented a significant distortion, especially drum shape, when the confining stress is increased to 100 kPa. When the applied confining pressure was 200 kPa, the sample deformed into a distinct drum shape, but there were no clearly visible shear planes observed. Deformation of this drum shape was more prominent and remarkable when the confining pressure of 300 kPa applied. At this confining stress, the samples exhibited a clearly visible shear plane (Figure 7), which can be clearly observed as 45°. However, when the samples were sheared to a complete failure under large deformation, all samples exhibited drum shaped failure as presented in Figure 7F, showing a series of vertical cracks, irrespective of the confining stress.


[image: image]

FIGURE 7. Failure patterns after shear strength tests. (A–F) Represents different confining pressures.




Triaxial Creep Tests


Creep Curve Analysis

Red clay is a typical elastic-plastic material. Instantaneous elastic and plastic deformation occurs when an additional external force is applied. Figure 8 shows the development of vertical deformation of the samples under confining stresses of 50, 75, and 100 kPa. Furthermore, the creep curves of multi-step constant load, the equal-time stress-strain curves were gained by using “Chen method” (Chen et al., 1991). Results presented in Figure 8 indicates that the creep patterns exhibited stepped shape under confined pressure, except for samples failed in the final loading step. The corresponding deformation process of every loading step can be divided into three stages: (1) the instantaneous deformation stage; vertical deformation ended instantaneously at this stage; this stage accounted for about 55% of the total deformation and exhibits elastic-plastic deformation. (2) Deceleration creep deformation stage; in this deformation stage, vertical deformation accounts for 29∼41% of the total deformation approximately; the deformation rate was larger in the early stage followed by a gradual decay in the later part of this stage; this stage accounts for 1∼13% of the total loading time, and (3) Stable creep deformation stage; the deformation of the sample at this stage tends to be stable; the vertical deformation at this stage, basically, accounts for about 4% of the total vertical deformation. Sample tested at the confining stress of 50 kPa in this stage exhibited accelerated creep and failure (i.e., 25 mm of vertical deformation) at the 4th step of loading, just after 16640 s (4.62 h) of loading. However, for soil samples tested at confining pressures of 75 and 100 kPa, the samples exhibited accelerated creep and failure at the fifth loading step. Most of the deformation occurs at the initial stage of loading as the confining pressure increases.
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FIGURE 8. Creep deformation tests curves obtained for different confining stresses.


In order to observe the rate of displacement over time more clearly, the creep curves were replotted with time in logarithmic scale, as shown in Figure 9. The results indicated that the development of deformation can be divided into two stages under the first three loading steps. In the early days, In the early days, the deformation developed at a high speed, and at a later stage the deformation speed decreased. The samples tested at a confining stress of 50 kPa exhibited failure at the fourth loading step by exhibiting a big instantaneous vertical deformation in the early stage following by the stable deformation in the second stage further followed by a sharp increase in deformation until failure in the last stage of loading. For the samples tested at the confining stresses of 75 and 100 kPa, a larger deformation was observed when the fourth loading step was applied. When the vertical deformation rate in these samples is larger than a certain amount of antecedent value, then rate of deformation is stable until the fifth loading step. The creep patterns obtained for samples tested at the confining stresses of 75 and 100 kPa exhibited different behaviors. The behavior of the former is similar to that tested at the confining stress of 50 kPa, but if shorten processing time. However, the later entered the stage of rapid creep phase and failure after instantaneous deformation appeared.
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FIGURE 9. Creep deformation tests curves for different confining pressure with time plotted in logarithm scale.




Strain Rate Analysis

Figure 10 shows the strain rate during the five steps of the loading process under the confining stress of 75 kPa. Results presented in Figure 10 indicates that the creep rate at the earlier stage is larger than the later stage in each step. The initial strain rate mounted as the vertical stress increases. However, the initial strain rate of the fifth step is lower than that the fourth step, and it reduced to 0 following a prolonged loading time, then up to a high level until the entire sample failed.
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FIGURE 10. Creep deformation development rates (for the sample tested at the confining stress of 75 kPa).




The Failure Patterns After Creep Tests

Figure 11 shows a typical failure pattern of tested red clay after creep testing conducted under different confining stresses. Results indicated that there was no defined failure plane in the sample tested at the confining stress of 50 kPa, and; the overall shape exhibited parabolic bulging in the shape of a drum. In the case of samples tested at the confining stress of 75 kPa, a clearly defined shear plane was observed and the sample still exhibited parabolic bulging with drum shape. In the case of samples tested at the confining stress of 100 kPa, the sample exhibited more complex distortion at a predefined shear plane.
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FIGURE 11. Failure patterns after creep tests.




DEVELOPMENT OF CREEP MODEL

In order to assess the creep behavior of the soil, it is important to compare the creep deformation pattern with available creep model. Some of the available creep deformation models in practice are presented in Table 4. In order to check the applicability of the available models to fit the creep deformation characteristics of red clays, results obtained from this study of the confining stress of 100 kPa was compared with the results obtained from the available creep deformation models presented in Table 4. Among the models presented in Table 4, results obtained by Kelvin Model, General Kelvin Model, and Burgers Model are presented in this paper as they provided closer comparison compared to other models.


TABLE 4. Widely used creep models available in practice.

[image: Table 4]Figure 12 shows the comparison of analysis results obtained from the three models and Table 5 shows the goodness of fit with these models.
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FIGURE 12. Fitted curve for different creep models (time presented in log scale).



TABLE 5. Goodness of fitting parameters for some of the creep models used in this study.

[image: Table 5]
Figure 12 shows that there are significant differences in every loading step between the curve fitted to the Kelvin Model and the experimental results, showing that the Kelvin Model is not suitable for describing he creep behavior of red clay. Similarly, the curve fitted by the General Kelvin Model was modified to present three typical stages: elastic deformation stage, deceleration creep stage, and stable creep stage, and the creep deformation pattern is similar to the results of laboratory tests. However, the calculation accuracy is not good enough, and the third step curve exhibited a poor fitting. On the other hand, the fitted curve based on the Burges Model shows better performance than the Kelvin Model and General Kelvin Model, and its correlation coefficient R2 is larger than 0.9. However, the curve showed a rising trend in the end, deviating off from the test data. As shown although the Burgers Model showed better result compared to other models none of the models could represent the creep behavior of the red clay, especially in the early stages deformation.

In addition to the above-mentioned theoretical model, empirical models can also be developed based on experimental data. This approach is more concise more direct and provides high precision. Lu et al. (2008) proposed a general expression to describe the creep deformation properties the of soft clay described in Eq. 1.

[image: image]

In this study, tests data were fitted by using the 1st Opt Universal Global Optimization (UGO) algorithm. In this approach, the creep deformation models for every step of testing are as follows:

[image: image]

Where, ε is the strain of the sample, and t is the loading time in seconds.

The fitted data matched well with the test data as shown in Figure 13. The results indicates that curves of all five steps fit well with the correlation coefficient R of 0.99, proving that the empirical model is more suitable for describing the red clay creep behavior. However, such empirical models are site specific and soil specific thus may not be available for all types of soil until they are verified with further experimental results acquired on soils obtained from other sites.


[image: image]

FIGURE 13. Fitted curve obtained from the Empirical Creep Model compared to the strains obtained from the test data.




LIMITATIONS AND ENGINEERING IMPLICATIONS

Because of the special geological origin of red clay, it is believed that red clay should be a favorable stratum in the past practical engineering, especially when used as foundation soil and subgrade fill. However, with the rise of large-scale urban construction in red clay area, more and more attention has been paid to the study of creep deformation caused by long-term stress in the red clay areas, in order to solve practical engineering problems such as long-term settlement deformation of buildings and subgrade. Based on this engineering background, this paper selected Chongqing, a typical red clay in southwest China, as the research object. The creep characteristics of rock and soil are usually described by element creep model and empirical creep model. In this paper, according to the practical engineering application of red clay, combining with the existing empirical model and the indoor test data, the empirical formula suitable for the research object of this paper is fitted. However, this is only a empirical formula for engineering construction. The following work of authors will be to establish the creep model in combination with more in-depth tests and theories.



CONCLUSION

In order to investigate the shear strength and creep behavior of red clay, abundantly available in Chongqing, China, a series of laboratory tests were conducted and the creep deformation behavior were evaluated and compared with the results obtained from some theoretical creep models. Using the experimental results, some empirical relationships have also been developed to evaluate the creep behavior of red clay. Based on the analytical and experimental investigations presented in this paper, the following conclusions can be made:


(1)Based on the CD triaxial compression test results, strains required to achieve the peak deviator stresses increase as the confining pressure increases. Moreover, the red clay samples did not exhibit significant failure plane under lower confining stress. However, the development of the shear planes was remarkable when the confining stress was 100 kPa or higher. The final shape of the deformed samples exhibited parabolic bulging in the shape of drum, when the confining stress of 100 kPa or higher was applied. When confining stresses lower than 100 kPa were applied, confining pressure, the deformed sample shapes exhibited parabolic bulging with drum shape only when the compressive loading continued until a complete failure. At this stage, some vertical cracks were observed on the sample.

(2)Under the stress controlled multi-stage creep tests, the overall creep curve presented a significant stepped shape. When a confining stress of 50 kPa was applied, the sample failed at the fourth step of loading, while for the confining stresses of 75 and 100 kPa, clay samples exhibited a rapid creep phase under the fifth loading step. The initial strain rate was observed to be larger than the rate observed in the later period of loading in every loading step except the last loading step. The failed sample at the end of the creep test also exhibited parabolic bulging at the shape of drum for all confining stresses and all samples exhibited clear shear plane.

(3)Among the three best creep models used to compare the experimental results, Burger’s model exhibited the best fitting, although in each loading step, the early stages of loading were different. The Statistically derived empirical model developed with the tool of “1St Opt” exhibited the best fitting with the experimental data, with a correlation coefficient of 0.99. However, the general application of such empirical model for all types of soils and site conditions requires further research.
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Mining fissures formed by coal mining can easily open bedrock and loose aquifers, and can thus cause water–rock interaction. The strength of coal and rock and their pore and fracture development characteristics are closely related to moisture content. Therefore, this paper studied the strength, porosity, fracture propagation, and failure characteristics of coal with different moisture contents. Six representative coal samples with different moisture contents of 0, 3.79, 6.10, 9.17, 11.01, and 11.68% were prepared by non-destructive water immersion experiment, and the samples were analyzed using. Nuclear Magnetic Resonance (NMR) and uniaxial compression acoustic emission experiments. Then, the temporal and spatial variation of the moisture contents of the coal samples and the characteristics of crack propagation and failure were studied before and after water immersion. Non-destructive water immersion and NMR analysis showed that the moisture content increases exponentially with increasing water immersion time and immersion frequency. Additionally, it was shown that with increasing water immersion time and frequency, the moisture distribution within the coal samples changes from uneven to uniform, and micro-pores and meso-pores develop into larger pores with increasing water content. A coupled uniaxial compression–acoustic emission experiment showed that acoustic emissions are closely related to the macroscopic failure mode of the coal sample. With increasing sample moisture content, the degree of sample destruction and the concentration of acoustic emissions both reduced. The increase of moisture content promotes the change of the macroscopic failure mode of the coal samples from tensile failure to tensile–shear composite failure. The results of this study have important reference value for analyzing the stability of coal pillars and surrounding rock under the action of water, and especially for the design of coal pillar dam bodies in coal mines with groundwater reservoirs.

Keywords: water–rock interaction, pore fracture expansion, failure characteristics, Nuclear Magnetic Resonance, acoustic emission


INTRODUCTION

Coal mining destroys the structure and integrity of roof overburden, which changes the runoff mode of aquifers from inter-layer runoff to vertical runoff. Seepage (due to cracking) into the mined-out area of the mine can form an artificial aquifer, and determining how best to utilize this part of the mining water resource is of great importance for coal mining and sustainable development. Gu (2015) and Gu et al. (2016) proposed the use of coal-mine goaf to establish a groundwater reservoir to store groundwater, that is, to connect the coal pillar dam and the artificial dam and also proposed the use of the coal mine goaf as a water storage space to preserve and utilize groundwater. This approach has been promoted and applied in the Shendong mining area, Shaanxi Province, China. The stability of the coal pillar dam is essential for the safe operation of the underground reservoir. This stability can be compromised by the influence of overburden load, mining stress, and dynamic and static water pressure in the goaf. Therefore, it is especially important to study the strength, fracture propagation, and failure characteristics of coal pillars for different moisture contents.

The study of water–rock interaction can not only help to solve problems in underground engineering (Chen et al., 2015; Hashiba and Fukui, 2015), but can also help to improve the exploitation of resources in ecologically fragile areas. Heggheim et al. (2004) found that, when limestone was immersed in different concentrations of brine, the ion and limestone components of the brine were changed, and that this immersion also caused changes in the structural and mechanical properties of the limestone. Verstrynge et al. (2014) performed an experimental study of iron-bearing sandstones with different water contents, and found that the number of acoustic emissions from the rock samples was negatively correlated with water content, and that increasing water content promoted creep damage to the rock samples. Based on the analysis of water–rock interaction, Hu et al. (2019) explored the impact of oil shale on the groundwater environment during in situ mining, and found that oil shale mining caused the continuous pollution of groundwater. Additionally, in order to understand the interaction between the formation and the fracturing fluid during tight gas exploitation, and the consequences of this interaction, Osselin et al. (2019) analyzed water samples from 17 different production wells collected in the same area. They found that the water–rock interaction process increased the oxidation level of the fracturing fluid. Zhao Y. L. et al. (2016); Zhao et al. (2018, 2019) analyzed the water-rock interaction and the development process of fractured rocks from the aspects of plasticity and fracture mechanics, and their research results are instructive for this article. Furthermore, various authors have conducted loading and unloading experiments of rock samples with different moisture contents to determine the elastic modulus, peak stress, etc., of the samples (e.g., Pan et al., 2010; Yao et al., 2015; Chen et al., 2017; Daraei and Zare, 2018). These studies found that the aforementioned parameters are inversely related to the moisture content of the rock samples, while the peak strain increases with increasing moisture content.

The strength of coal and rock masses is closely related to the degree of fracture development at different stages of failure. Researchers have explored the spatial distribution of cracks in coal and rock masses by different means. Moradian et al. (2016) analyzed the degree of cracking of brittle rocks by analyzing their acoustic emissions. Zhang J. et al. (2016) used the measurement of acoustic emissions to detect the rupture process of rock samples, and found that the damage to rock samples can be predicted by the frequency of the emissions. With the advance of science and technology, Computed Tomography (CT), Nuclear Magnetic Resonance (NMR), and Mercury Intrusion are increasingly being used to study and test the microstructural characteristics of coal and rock masses (Yu et al., 2016; Zhang Y. et al., 2016; Zhao J. L. et al., 2016, Zhao Y. X. et al., 2016; Mathews et al., 2017). Additionally, acoustic emission parameters can be used to represent post-peak fissure development (Khazaei et al., 2015); however, there is still a lack of effective means of inverting the development of fissures.

Previous studies have focused on analyzing the change in coal moisture content over time and the changes in coal physical properties that is associated with this change. However, studies of the spatial dynamic characteristics, mechanical properties, and failure modes of coal under different water moisture contents are relatively rare. The water volume of a groundwater reservoir varies due to the fissuring of submerged rock and the removal of water for mining; this results in constant changes to the water level—that is, the water content of the coal pillar dam is a dynamic variable. Therefore, it is of great importance to study the effect of changes in moisture content on the mechanical properties and fracture propagation and failure characteristics of coal pillar dams. This study takes 5-2 coal from the Daliuta coal mine as the research object. This coal seam has a groundwater reservoir in the goaf. Coal samples were analyzed through non-destructive water immersion experiments, NMR and uniaxial compression acoustic emission tests, and X-ray microscopic imaging. The temporal and spatial changes in the moisture content, crack propagation, and damage characteristics of the coal samples were studied before and after water immersion. The results of this study have important reference value for analyzing the stability of coal pillars and the surrounding rock under the action of water, and especially for the design of coal pillar dam bodies in coal mines with groundwater reservoirs.



EXPERIMENTAL SCHEME


Collection and Preparation of Coal Samples

The coal samples were processed into a standard cylindrical test piece of φ 50 mm ∗ H 100 mm (ISRM, 1978; Jaeger et al., 2007). A total of 30 coal samples were selected which had smooth surfaces on their upper and lower faces, whose parallelism error did not exceed 0.05 mm, and whose diameter error of the upper and lower faces did not exceed 0.3 mm. The samples were divided into six groups, named W0, W1, W2, W3, W4, and W5, which showed moisture contents of 0, 3.79, 6.10, 9.17 (one water immersions), 11.01 (two water immersions), and 11.68% (three water immersions), respectively. For each water immersion, the sample was dried and then immersed in water to saturation. To reduce the error, the moisture content of each group was measured three times and the average was taken. A total of 18 coal samples were used for the subsequent testing. The physical characteristics of coal samples are shown in Table 1.


TABLE 1. Physical characteristics of coal samples.

[image: Table 1]


Experimental Equipment

The samples were immersed in water using a rock water content continuous weighing machine (Figure 1) which was independently constructed by the research team. The device was connected to a humidifier and a sealed box by a plastic hose. After the humidifier is opened, water mist enters the box through the hose, which creates a high-humidity environment inside the box. The coal samples were directly placed in the water, which causes them to crack and disintegrate; however, the device can keep the sample structure intact during immersion. The internal moisture distribution of the coal samples was measured using a MesoMR cabinet magnetic resonance imager (NiuMai, Shanghai, China). This imager has a fast analysis speed, simple and convenient operation, does not influence the health of the operator or the surrounding environment, is non-destructive, and has little influence on the subsequent testing. After the coal sample immersion was completed, a uniaxial compression acoustic emission measurement system (Figure 2) was used to study the variation law and failure characteristics of the pore and fracture structure of the coal samples during the uniaxial compression process. The system was controlled by a CMT5305 microcomputer servo control machine (SanSi, Shanghai, China) and a PCI-2 acoustic emission system (Physical Acoustics, Princeton Junction, NJ, United States). Finally, the spatial distribution of the fractures of the damaged samples was analyzed using a high-resolution three-dimensional non-destructive X-ray microscopic imaging system (Xradia 510 Versa, Carl Zeiss AG, Heidenheim, Germany). The system includes an X-ray source, an inspection station, an objective lens, a CCD camera, and other hardware. Additionally, the system is equipped with the “Scout-and-Scan Control System” data acquisition software, the XM Reconstructor three-dimensional tomography image reconstruction software, the XM Controller software, and other software. This system allows the microscopic imaging of the coal samples, including the spatial distribution of pores and fissures.
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FIGURE 1. Schematic of the rock water content continuous weighing machine. 1: water tank; 2: moisture content display; 3: humidifying device; 4: sealed humidifying box.



[image: image]

FIGURE 2. Schematic of the experimental uniaxial compression system.




Experimental Method

Before the non-destructive water immersion experiment, the coal samples were dried at 105–110°C for 24 h using a blast-drying oven (model 101-1B; XinYi, Shanghai, China). It should be noted here that the higher drying temperature will have a certain effect on the microstructure of the coal simples, and this effect can be studied in the future to further reduce the effect of this factor on the experiment. After the sample drying was completed and the temperature of the drying box had stabilized to room temperature, the coal sample was removed from the box and weighed. This weight represents the dry mass of the coal sample. Subsequently, the dried samples were sealed and stored. Then, nine coal samples were selected to remove impurities and deposits on the surface of the samples and ensure the structural integrity of the sample. Then, water absorption tests were carried out on the coal samples using the rock water content continuous weighing machine (Figure 1). According to previous research results, the water absorption process of coal samples is roughly divided into three stages (Roshan et al., 2015; Yao et al., 2016): (1) a rapid water absorption phase; followed by (2) a slow water absorption stage; followed by (3) a gradual stabilization stage. So we weighed the water moisture per hour for the first 10 h of water immersion, and we measured the water moisture every 3 h after 10 h. When the mass difference of the sample before and after weighing was less than 0.01 g, it was assumed that the coal sample had reached water saturation. The uniaxial compression and acoustic emission tests were carried out simultaneously. The test loading mode was displacement loading, and the loading rate was 0.5 mm/min. Loading was applied to the coal sample until the sample failed. A total of eight acoustic emission probes were used; each probe was placed at a distance of 10 mm from the upper and lower faces of the sample. The probe arrangement is shown in Figure 7. The detection threshold parameters were set to PDT = 50 μs, HDT = 200 μs, and HLT = 300 μs. The detection threshold was 40 dB and the magnification was 40 dB.



CHANGES IN COAL SAMPLE WATER CONTENT AND MICROSCOPIC STRUCTURAL CHARACTERISTICS


Changes in Coal Sample Water Content With Immersion Time and Immersion Frequency

The observed relationship between the duration and frequency of water immersion and the moisture content of the coal samples is shown in Figure 3.
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FIGURE 3. Moisture content of coal samples vs. (A) duration of water immersion and (B) frequency of water immersion. w indicates the moisture content of the coal sample (in %); t is the water immersion time (in h); x is the number of immersions; and R2 is the correlation coefficient of the fitted curve.


From Figure 3, it can be seen that there is an exponential relationship between the moisture content of the coal samples and both the length and frequency of water immersion; with increasing immersion time and immersion frequency, the water content first increases rapidly, and then this increase decelerates. The correlation coefficients of the two fitted curves are both close to 1, indicating that the experimental data is well fitted.

As shown in Figure 3A, the water absorption process is divided into three stages: (1) a rapid water absorption stage (0∼10 h); (2) a slow water absorption stage (10∼30 h); and (3) a stable water absorption stage (≥30 h). The saturated moisture content of the test coal sample is 9.17%. In Stage 1, the water content of the coal sample increases rapidly; in Stage 2, the water absorption rate of the coal sample gradually decreases; and in Stage 3, the water content of the coal sample does not change substantially. In the initial stage of water immersion, hydrophilic substances and primary pores and fissures absorbed water. In the later stage, as the coal samples continued to absorb water, the weakening of water creates more pores and fractures and absorbs water again until saturation. Based on the observed changes of the water content of the coal samples with increasing immersion time, three coal samples with water immersion times of 5, 10, and 30 h were selected for further testing; the water contents of these samples were 3.79, 6.10, and 9.17%, respectively.

As shown in Figure 3B, the moisture content of the coal samples increased as the immersion frequency increased. Between the first and second immersions, the moisture content of the coal samples increased from 9.17 to 11.01%, an increase of 20.07%. Between the second and third immersions, the moisture content of the coal increased from 11.01 to 11.68%, a 6.09% increase. Based on the observed relationship between the frequency of water immersion and the sample moisture content, the moisture content of the coal samples will stabilize after repeated water immersion. This is due to the fact that, after the coal sample is saturated with water and then dried, the internal pores and cracks continue to develop, and the moisture content will therefore increase further when the sample is re-immersed. After the internal structure of the sample is fully developed, the moisture content will stabilize. We selected a representative coal sample from each of the six groups for subsequent testing.



Spatial Distribution of Moisture in Coal Samples

Since coal is a weakly magnetic substance, and the C13 nuclear and H1 nuclear signals in the coal sample will be shielded during the NMR analysis, its magnetism will not affect the results of this analysis. The spatial distributions of the coal sample moisture contents, as determined using NMR, are shown in Figure 4.
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FIGURE 4. Spatial distributions of coal specimen moisture contents (A) for samples with various moisture contents (%) and (B) for samples which were subjected to various immersion frequencies.


Note: C13 refers to carbon (C), which has a relative atomic mass of 13, and H1 refers to hydrogen (H), which has a relative atomic mass of 1.

As shown in Figure 4A, the water content of the coal samples varies along the length axis. This variation is caused by fissures and other heterogeneities in the coal samples, which shows that fractures are well developed and the water content of the water-rich mineral enrichment layer is high. The way that the coal sample is placed during the non-destructive water immersion test has a certain influence on the spatial distribution of the internal moisture of the coal sample; this is manifested by the fact that the water content is greater in the bottom part of the coal sample due to the action of gravity. For the coal sample with a water content of 3.79%, the water content in the middle of the sample was almost zero and there was less variation in water content in this area; this indicates that the structure of the middle layer of the coal sample is more complicated and contains more non-hydrophilic substances. For the coal samples with water contents of 6.10 and 9.17%, with increasing moisture content, the degree of internal water diffusion increases and the spatial distribution of water content becomes more uniform. It should be noted that the dry coal sample had a very small amount of internal water. This is due to the presence of bound water inside the coal sample and the inhalation of a small amount of air by the coal sample during the testing.

As shown in Figure 4B, the spatial distribution of the moisture contents of the samples varied for different immersion frequencies. With increasing water immersion frequency, the water intensifies the internal damage of the coal sample, the pores and cracks of different layers are developed, and the water content of the sample increases. Compared with the sample which was immersed in water only once, With increasing immersion frequency, the water content of the coal samples increased steadily and the spatial distribution of water became more uniform.



Pore and Fracture Characteristics of Water-Bearing Coal Samples

Yao and Liu (2012) found that coal can be regarded as a multi-structure system composed of coal matrix blocks and macro-fractures, micro-fractures, macro-pores, micro-fractures, and so on. The results of the NMR analysis, which show typical triple-peak T2 spectra, are shown in Figure 5. In these spectra, the peaks representing the micro-pores are mainly distributed at 0.1∼10 ms, the peaks representing the large meso-pores are mainly distributed at 20∼50 ms, the peaks representing the fissures are mainly distributed at >100 ms. Therefore, the microstructure of the coal sample can be inferred based on the location of the peak value of the T2 spectrum curve (Yao et al., 2010; Cai et al., 2013).
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FIGURE 5. T2 relaxation time curves of coal samples with different moisture contents. (A) Dry sample. (B) Moisture content of 3.79%. (C) Moisture content of 6.10%. (D) Moisture content of 9.17%. (E) Moisture content of 11.01% (two immersions). (F) Moisture content of 11.68% (three immersions).


As shown in Figure 5, the T2 spectra were zoned according to their triple-peak structure; these zones were termed zone I, zone II, and zone III. Based on the T2 spectra of the coal samples, it can be inferred that the micro-structure characteristics of the coal samples have commonalities: the development of micro-pores are dominant, followed by the development of medium-large pores, fissures are developed, and the connectivity between the pores is good. A low-intensity NMR signal was measured for the dry coal sample, with the signal amplitude being about 1/10 of that of the moist samples. The results of the NMR analysis show that the internal structure of the sample is dominated by micro-pores. With increasing water content and increasing water immersion frequency, the T2 relaxation times of micro-pores and medium-large pores gradually increased; this suggests that the micro-pores and medium-large pores gradually developed into larger pores, which in turn indicates that the presence of water caused internal damage to the coal. The gradual increase in signal amplitude that is observed above 100 ms with increasing water content indicates that the micro-pores and the medium-large pores gradually develop and form cracks with increasing water content. The peak area of the T2 spectrum represents the degree of development of internal cracks in the coal sample. From Figures 5D–F, it can be seen that double water immersion increased the moisture content of the sample by 26.07% compared with single immersion, and triple water immersion increased the moisture content by an additional 2.40%.



ANALYSIS OF THE FISSURE EXPANSION AND FAILURE FORM OF WATER-BEARING COAL

Many previous experimental researches have been conducted on the influence of moisture content and water immersion frequency on coal strength (e.g., Hashiba and Fukui, 2015; Yao et al., 2016). The conclusions of these studies can be summarized as follows: the uniaxial compressive strength of dry coal samples is large. The most severe damage to the coal samples was a large collapse phenomenon. With increasing moisture content, the mechanical properties of the coal samples showed a downward trend, and the severity of the damage gradually decreased. The uniaxial compressive strength, elastic modulus, and strain softening coefficient of coal samples are negatively correlated with moisture content, that is, with increasing sample immersion time and immersion frequency, the plasticity of coal samples increases and brittleness reduces. With increasing immersion time, the decline of the elastic modulus of the coal samples gradually reduced. The compressive strength and elastic modulus of the coal samples decreased greatly after initial saturation, and continued to decrease, albeit at a lower rate, with increasing immersion frequency. The conclusions that can be drawn from this analysis are consistent with previous studies (Yao et al., 2016), so they will not be repeated here.


Study of Acoustic Emissions During the Uniaxial Compression of Water-Bearing Coal Samples

Acoustic emission localization technology is commonly used to study the evolution law of coal-like fissures (Lei et al., 2016). Measurements of acoustic emissions can be used to infer the development of internal cracks in a sample. The fissure evolution law is intuitive, and the damage process inside the coal body can be observed in real time using acoustic emission localization. In order to study the evolution law of fissures in water-bearing coal samples under uniaxial compression, the obtained acoustic emission localization data was processed. Figure 6 shows a real-time map of acoustic emission events during the compression of coal samples with different water contents.
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FIGURE 6. Acoustic emissions measured during the uniaxial compression of coal samples. (A) Dry sample. (B) Moisture content of 3.79%. (C) Moisture content of 6.10%. (D) Moisture content of 9.17%. (E) Twice-immersed sample. (F) Thrice-immersed sample. Each point represents an acoustic emission event, and the colors represent the amplitude of the acoustic emission event.


As shown in Figure 6, as the moisture content of the coal samples increases, the time required to reach the peak stress reduces, from 832 s in the dry coal sample to 184 s in the sample which was immersed three times. As more water enters the sample, this causes the internal fissures of the coal to continue to develop, which in turn causes the internal structure of the coal sample to become more fragile and more susceptible to damage under pressure.

In the early stage of uniaxial compression, acoustic emissions are fewer and are mainly distributed in the interior of the coal sample. As the load increases, acoustic emissions occur at a greater rate, and show a trend of expansion from the interior of the coal sample toward its surface. Near the peak stress, the number of acoustic emissions gradually increases, and the final acoustic emissions cluster along the macroscopic fracture surface. Acoustic emissions are most densely distributed when the dry coal sample reaches the peak stress. With increasing water content, the number of acoustic emissions gradually reduced, with the fewest emissions being observed in the sample which had been immersed three times. The intensity of acoustic emissions can be used to characterize the degree of coal sample damage and the development of fractures. The most severe damage was observed in dry coal samples. With increasing moisture content, the severity of coal sample damage gradually reduced. The results of the analysis suggest that due to the weakening effect of water on the coal samples, the damage to internal microstructure is developed, the energy required for the destruction of the samples is reduced, and the degree of damage is not severe; therefore, the number of detected acoustic emission events was small for samples with high moisture contents. Therefore, it can be summarized that: in the case of low moisture contents (including the dryness), the acoustic emission events are concentratedly distributed, the energy accumulation is higher, so the rupture is more severe, and in the case of high moisture contents, there are fewer acoustic emission events and the internal structure is developed. The energy accumulation is lower and is mainly released from the shear fracture surface, the destruction of the coal samples structure is relatively complete.



Analysis of the Macroscopic Failure Characteristics of Water-Bearing Coal Samples

Subsequently, the damage characteristics of the water-bearing coal samples were determined using the results of the compression tests together with the spatial distribution of water content shown in Figure 4, the high-amplitude signal of the sound emission events in Figure 6, and the macroscopic performance of the coal samples. The macroscopic failure modes of the samples and the corresponding crack propagation maps are shown in Figure 7.
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FIGURE 7. Failure characteristics of coal samples under uniaxial compression.


As shown in Figure 7, the dry coal sample mainly underwent tensile failure, with the development of several fracture faces along the axial direction. This is due to the fact that the transverse tensile stress exceeded the ultimate tensile strength of the coal sample, which is the result of the Poisson effect. The damage occurred suddenly and mostly involved cracking. The emission of high-amplitude acoustic emissions is consistent with the position of cracked and collapsed coal. The coal sample with a moisture content of 3.79% experienced less damage and weakening than the dry coal sample; the rupture shows a relatively large area of block caving, similar to that observed in the failure of the dry coal sample. In the sample with a moisture content of 3.79%, the accumulation of high-amplitude acoustic emissions was denser on one side of the sample, and the macroscopic damage on this side was also more serious. The ruptures observed in the dry sample and in the sample with 3.79% water are similar. In these two low-moisture coal samples, the primary microstructure inside the sample plays a major role in the rupture process.

With increasing moisture content, the internal pores and fissures of the coal samples continue to develop. In samples with moisture contents above 3.79%, the macroscopic rupture positions and the spatial distribution of water tend to be similar; macroscopic rupture occurs at a location where there is a relatively large amount of internal moisture. The coal samples with moisture contents of 6.10 and 9.17% have a different spatial distribution of moisture compared to the two drier samples, with the moisture mainly being distributed in the lower part of the samples. Furthermore, in the samples with moisture contents of 6.10 and 9.17%, the rupture damage was milder, and fewer acoustic emissions were observed, compared to the two drier coal samples, and the drop-off position is consistent with the spatial distribution of water. Compared with the coal samples which were immersed only once, the sample which was immersed twice had a higher moisture content, and the internal damage was also more serious. Therefore, it can be seen that the water content has a significant influence on the structure of the coal samples, and in the samples which were immersed more than once, the development of the fracture surface extends from the middle to the upper and lower parts of the samples. The coal sample which was immersed in water three times reached saturation. Compared to the samples which were immersed only once, in the samples which were immersed more than once, fracture development is basically stable, the spatial distribution of water is relatively uniform, and the effect of water on cracking is more serious than in the samples which were immersed only once. The degree of damage was lowest in the sample which was immersed three times, with the macroscopic damage being visible as a shear crack throughout the sample. Moreover, the amplitude of acoustic emissions was lowest for this sample.

With increasing moisture content, the degree of damage to the coal samples gradually reduces, and the degree of failure also gradually reduces. The failure of the coal samples showed the characteristics of large-scale collapse, partial detachment, and penetration cracks. When the moisture content is low, the failure mode of the coal samples is mainly tensile. However, with increasing numbers of water immersions, the coal sample failure form changes from tensile failure to tensile–shear composite failure. This suggests that with increasing moisture content, the internal particle cementation is weakened, the surface shear strength is reduced, and the friction coefficient of the fracture surface is reduced, which increases the possibility of shear failure. The essential reason for this is that, with increasing moisture content, water has a complex physicochemical effect on coal. Water molecules weaken the interaction between coal molecules and reduce the coupling force between coal molecules (Zou and Li, 2015). The friction between particles increases the plasticity of the coal sample, resulting in a weakening of its mechanical properties. At the same time, OH– has a strong coupling effect on coal samples, which leads to changes in their microstructure and weakens their mechanical properties (Hashiba and Fukui, 2015; Xu et al., 2015; Yu et al., 2015). Additionally, when the internal pores and cracks of the coal sample are filled with water and subjected to load, a high pore pressure will be generated inside, which will reduce the compressive stress between the particles, thereby reducing the shear strength of the coal sample and making shear damage more likely to occur on a macroscopic scale.



Analysis of the Microscopic Failure Characteristics of Water-Bearing Coal Samples

In order to further explore the meso-scale failure characteristics of water-bearing coal samples (based on the analysis of coal samples after rupture), a chromatographic test was carried out on two representative samples after the completion of the compression test: (1) the sample with a water content of 6.10%; and (2) the sample which was immersed three times. The Avizo 3D visualization software version 6.2 (Thermo Fisher Scientific, Waltham, MA, United States) was used to divide the coal sample into 300 layers, and every 50 layers one layer was selected for analysis, as shown in Figures 8, 9.
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FIGURE 8. Images showing the fracturing (after failure induced by uniaxial compression) at various positions in the coal sample with 6.10% water. (A) Axial slices. (B) Radial slices. White areas represent the coal matrix, while black areas represent pores and cracks.
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FIGURE 9. The same as Figure 8 but for the coal sample which was immersed in water three times.


The results of the microscopic scanning in Figure 8 show that the coal sample with a moisture content of 6.10% mostly exhibits X-shaped conjugate-slope shear failure or single-slope shear failure. This sample has many internal cracks and large pores, and the fragmentation is more serious, being accompanied by local shedding. The failure characteristics of this sample are more complicated than those of the sample which was immersed three times, and its failure mode is tensile–shear. As shown in Figure 9, in the coal sample which was immersed in water three times, fracturing was less serious and the integrity of the fractured block is higher. This difference can be attributed to the repeated immersions. The internal damage to this sample is severe, suggesting that its compressive strength had been greatly reduced. With increasing water content, the internal particle cementation of the coal sample is weakened, and the surface shear strength and coefficient of the fracture surface are reduced, and the possibility of shear failure is therefore increased. The results of the presented microscopic structural analysis are consistent with the results of the macroscopic analysis (see Section Analysis of the Macroscopic Failure Characteristics of Water-Bearing Coal Samples). It also shows that with the increase of the moisture content, the failure of coal samples shows a trend from tensile failure to tensile-shear composite failure.



CONCLUSION

In this work, we systematically studied the temporal and spatial evolution of the internal moisture of samples of 5-2 coal from the Daliuta coal mine, China, using coal samples with different moisture contents and different water immersion frequencies. Additionally, we studied the development of pores and fissures in these samples, as well as their failure characteristics, using a uniaxial compression test and NMR analysis. The following main research results were obtained:


(1)With increasing water immersion time and increasing number of immersions, the moisture content of the coal samples increased exponentially, and the water distribution gradually became more spatially uniform;

(2)The internal structure of the dry coal sample before loading is dominated by micro-pores and relatively few cracks. For the samples which were immersed in water two times, the peak area of the T2 spectrum was 26.07% larger than for the samples which were immersed only once; additionally, for the samples which were immersed in water three times, the peak area of the T2 spectrum was 2.40% higher than for the samples which were immersed in water twice. For the coal samples  with  low  moisture  contents (0, 3.79, and 6.10%), after loading, the internal pores and fissures developed significantly, and the degree of cracking was severe. However, for the coal samples with high moisture contents (9.17, 11.01, and 11.68%), the microstructure was less developed and the loading damage was milder;

(3)As the moisture content of the coal samples increases, the time required for the sample to reach peak stress reduces, the number of acoustic emissions decreases, and the degree of acoustic-emission aggregation decreases. Additionally, with increasing moisture content, the spatial distribution of water becomes more uniform, and the concentration of high-amplitude acoustic emissions is consistent with the fracture form;

(4)With increasing moisture content, the degree of damage to coal samples following uniaxial loading gradually reduces. At microscopic level, the rupture form in coal with a low moisture content is dominated by large caving, localized shedding, and cracking; however, the rupture form in coal with a high moisture content leads to crack penetration. Microscopically speaking, the internal pores and fractures in coal samples with a low moisture content are more developed, and these samples have significant internal fragmentation. However, in coal samples with a high moisture content, the microstructure is less developed and the integrity of the damaged block is higher.
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Accurate quantification of soil micro-pore is important for understanding compression deformation and thaw settlement of fine-grained soils, including clay. This study presents mercury intrusion porosimetry (MIP) data on the four types of soil samples before and after freeze-thaw and compression under four different cold-end temperatures. Undisturbed clay specimens were subject to one-directional freeze-thaw in a closed system under different freezing temperatures. The frozen-thawed specimens were divided into three layers and averaged along the height direction for a consolidation test. The mercury intrusion test data were analyzed, and three typical micro-pore parameters including (1) total pore volume, (2) median pore size, and (3) average pore size were selected to quantitatively describe the variation of soil micro-pores before and after freeze-thaw and consolidation. Close correlations were observed between the variation of micro-pore parameters and variation of compression index, pore ratio, water content, and density. This study demonstrates that compared with traditional test methods, MIP can be advantageous in revealing the internal micro-pore change of soil due to freeze-thaw and compression both quantitatively and nondestructively.
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INTRODUCTION

The artificial ground freezing method (AGF) has been widely applied in geotechnical engineering (Jessberger, 1980), such as the freezing method of shaft sinking technology in deep alluvium (Li et al., 2017), freezing excavation connecting passages and freezing reinforcement for the ends of shield tunnels in urban subway tunnels (Russo et al., 2015; Han et al., 2016; Kang et al., 2016), and freezing waterproof curtains in deep foundation pits (Fei et al., 2019). In recent years, the large-scale construction of urban underground space in China has accelerated the application of AGF in urban underground buildings and tunnels (Zhou and Tang, 2015b; Tang and Li, 2018). Engineering practices show that using AGF, the excavation of the connecting tunnels of urban subway tunnels in the Yangtze River Delta area, China, has yielded successful construction (Yang and Zhu, 2005; Zhou and Zhou, 2012; Zhou and Tang, 2015a; Zhao et al., 2016).

In water-rich soft soil areas, the control of compression deformation of thawed soil under the action of gravity and load of superstructures becomes a difficult and urgent problem to be solved (Hass and Schafers, 2006; Zhou and Tang, 2015a). The existing research focuses on the external factors that affect the freeze-thaw deformation of soils, such as freezing temperature and temperature gradient (Lagger et al., 2014), the physical indexes of soil, including water content (Wang D. et al., 2018), void ratio (Wang et al., 2017; Wang S. et al., 2018), permeability coefficient (Vitel et al., 2016), compressibility coefficient (Zhao et al., 2013), and the external load (Lai et al., 2013; Guan et al., 2015; Yuan et al., 2019a, b).

The microstructure of soil will be changed under the action of gravity and external loads, and this also changes the mechanical properties of soil (Katti and Shanmugasundaram, 2001; Ouhadi and Yong, 2003; Yamamuro and Wood, 2004; Dananaj et al., 2005; Kikkawa et al., 2013; Zhao et al., 2017). The macroscopic mechanical behavior of soil is closely related to its microstructure. The combination of macro- and micro-characteristics of soil is of great significance to the study of macro-deformation mechanism and the establishment of a micro-mechanical model of soil (Ouhadi and Yong, 2003; Miao et al., 2007; Cuisinier et al., 2011; Gu et al., 2013).

This study presents the results of freeze-thaw tests of soft clay under four different cold-end temperatures and consolidation tests before and after freeze-thaw testing. Moreover, mercury intrusion porosimetry (MIP) tests were conducted on four types of soil samples before and after freeze-thaw and compression, including (1) undisturbed soil, (2) compacted soil, (3) soil after freeze-thaw, and (4) soil after freeze-thaw and compacted. Finally, the variation of micro-pores under freeze-thaw and compression was quantitatively calculated, and three parameters (total pore volume, median pore size, and average pore size) were obtained to describe the micro-pore change under freeze-thaw and compression. Combined with the changes of water content, void ratio, and the compression index of soil before and after freezing-thawing and compression, the compression deformation of soil after freezing-thawing can be explained and quantitatively described from a microcosmic point of view.



EXPERIMENTAL PROGRAM

This section describes the index properties of the soil sample, the environmental chamber used to simulate the one-way freeze-thaw process, the MIP technique, and testing procedures.


Index Properties of Soil Samples

Samples were obtained from 30 to 35 m below the ground surface by a thin-walled sampler (11 cm ID) from a site in Ningbo, China. Figure 1 presents the grain size distribution curve, and Table 1 presents the soil index property. The samples were classified as lean clay (CL) per the Unified Soil Classification System. The soil specimens were unsaturated with a degree of saturation at 87.9%.
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FIGURE 1. Grain sizes distribution of clay samples.



TABLE 1. Soil index properties of tested samples.
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Apparatus for Freeze-Thaw Simulation

Figure 2 shows a schematic of the apparatus designed for simulating freeze-thaw in AGF. A brief description of the device is summarized here. More details can be found in Wang et al. (2017). This device consisted of a temperature-controlled environmental chamber, specimen tube, top and bottom plates, and a temperature and vertical displacement monitoring system. As the concern of this work was the buried utility pipes and surface structures, which are typically above the freeze pipes used in AGF, the cold plate was located at the bottom to promote a one-way freezing of the soil specimen from bottom to top. The test was carried out in a closed system, that is, with no external water supply and no drainage, to simulate freeze-thaw of clay soils within an undrained boundary, which is valid for the very low permeability of clay and the relatively short time required for freeze-thaw in AGF. The specimen tube of 79.8 mm inner diameter and 120 mm height was made of double-layer Plexiglas with a removable external insulation layer. Soil samples were carefully trimmed to make cylindrical soil specimens 100 mm high and 79.8 mm in diameter to fit with the specimen tube snugly.
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FIGURE 2. Schematic of the freeze-thaw experimental apparatus.


Freeze-thaw experiments were conducted under four scenarios with the cold plate set at freezing temperatures (referred to as Tf) of −5, −7, −10, or −15°C (referred to as Case I, II, III, or IV, respectively), and the warm plate at 1°C, resulting in temperature gradient of 0.6, 0.8, 1.1, and 1.6°C/cm, respectively. The temperature within the environmental chamber during testing was kept at 1°C. The thawing temperature was set at 20°C for all scenarios. No surcharge was applied to the top plate to allow the investigation of structural change due to moisture migration during AGF. The frost heave test is completed until the height change of the sample is less than 0.02 mm in 2 h. After the frost heave test, the upper and lower cold plate supply device were closed, and the temperature of the environment box was adjusted to 20°C to simulate the thawing of frozen soil in natural environment, the temperature and deformation were recorded in real time. Within 2 h, the height change value of the sample is less than 0.05 mm, and the test is completed. The components of the instrument are dismantled, the sample is taken out and the subsequent test is carried out.



Compression Test Methods for Freeze-Thaw Soil

A uniaxial compression test was conducted on the consolidation apparatus. As the soil samples in this study were taken from an underground depth of about 30 m, the load of the compression test was 1, 12.5, 25, 50, 100, 200, 400, and 800 kPa. The specific test process was as follows: (1) for the undisturbed clay before freeze-thaw, the soil samples were directly prepared for compression test. (2) For freeze-thaw clay, compression tests were conducted on samples taken from unloaded specimens after unidirectional freeze-thaw tests. To more directly study the change of compression characteristics along the freezing direction (height of the specimen) at different positions after freezing and thawing, test soil specimens after freeze-thaw were divided into three layers along the height. The compression tests were carried out separately, and the sampling position is shown in Figure 3.
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FIGURE 3. Samples were taken along the specimen height for the consolidation test (units: mm). (A) Specimen for freeze-thaw test. (B) Specimen for Consolidation test.


As the difference of temperature field along the specimen height during the freezing-thawing process, the development of a frozen front occurred, along with the redistribution of moisture field after freeze-thaw. The compression characteristics of specimens would be very different along the height of different freezing temperatures. Compression tests for specimens after freeze-thaw at four different cold-end temperatures were conducted according to the compression test procedure mentioned above. Care was taken to avoid disturbing the soil sample when making the specimen for the compression test with freeze-thaw soil. When cutting the compression sample from the soil column of the freeze-thaw sample, the insertion position of the temperature sensor should be avoided as much as possible, and the sample should be taken as close as possible to the center of the sample.



Mercury Intrusion Porosimetry Tests

Mercury intrusion porosimetry has been routinely used to evaluate the pore-size distribution of powdered and bulk materials with open and interconnected pore structures (Nowamooz and Masrouri, 2012; Zhang et al., 2012). An assumption was made that cylindrical flow channels with a radius r exist in the soil, and the radius of the pores are intruded by mercury under an applied pressure, p. For a cylindrical pore, the Washburn Equation can be used to calculate the pore radius (Washburn, 1921):

[image: image]

where, p is the applied external pressure (psia), σ is the surface tension coefficient of mercury (N/m), taken as 0.484 N/m at normal temperature, α is the infiltration angle of mercury to soil, taken as 130°, r is the radius of cylindrical pore (m).

The mercury intrusion-extrusion testing was performed using an AutoPore 9500 V1.09 MIP device with a maximum intrusion pressure of 60000 PSI (413.7 MPa), corresponding to the measurement of pore sizes as small as 10–2 μm. In all the intrusion testing, a solid sample pentameter with a volume of 1 cm3 and triple-distilled mercury with a surface tension of 0.48 N/m and a contact angle of 141° (at 25°C) were used. The freeze-drying technique was used to dehydrate the saturated soil samples for MIP tests. More details of the MIP tests can be found in the provided references (Penumadu and Dean, 2000; Li and Zhang, 2009).

An introduction to the methods and procedures for the measurement of pore size distribution will be presented here in detail: The mercury intrusion-extrusion tests in this paper mainly include two aspects: (1) samples were taken from different heights (five layers) of the specimen after freeze-thaw at four cold-end temperature conditions (−5, −7, −10, and 15°C, expressed as case I, II, III, and IV). (2) The mercury intrusion-extrusion tests were carried out on soil samples before and after compression tests, respectively. Herein, compression tests were carried out on frozen-thawed specimens at three different heights along the height direction and were also carried out on undisturbed soil without freezing-thawing. Mercury intrusion tests were carried out on four types of soil samples before and after freeze-thaw and compression under four different cold-end temperatures. Detailed mercury intrusion-extrusion test grouping is shown in Table 2. For the four types of soil, a total of 32 MIP tests has been conducted.


TABLE 2. Mercury intrusion test scenarios and test plan.

[image: Table 2]As the size of sample for MIP is relatively small in volume, which was about 1 cm3. In this paper, the statistics of micro pore change data is based on mathematical statistics, for the soil samples, it is considered that the undisturbed soil in natural is random and uniform. During the mercury injection test, the test conditions and environmental conditions shall be strictly controlled to ensure the repeatability of the test. For this, the following assumptions are needed to consider: (i) The surface tension of mercury and contact angle with solid material are constant during the analysis. (ii) The intrusion pressure must be equilibrium. (iii) Pores are considered as being of cylindrical shape. And (iv) Solids are not subject to deformation under the effect of pressure.



COMPRESSION CHARACTERISTICS OF SOFT CLAY BEFORE AND AFTER FREEZE-THAW


Compression Test Results

During the step-by-step compression test, with the increase of loading, the void ratio of the soil sample decreases and the compactness increases, which makes it more and more difficult to be compacted. In this study, the e-lg p curves of samples before and after freeze-thaw under the four frozen conditions are shown in Figure 4. It can be seen from the figure that the compressive properties of soil samples at different positions along the height of the specimen under four cold-end temperatures showed great differences. For undisturbed soft clay, the distribution of e-lg p curves of four groups of compression tests was basically the same, indicating that the soil used for testing was uniform. The initial void ratio (e0) of natural soft clay was 1.18, and after loading step by step to 800 kPa the void ratio changed to 0.75. Compared with the initial void ratio, it was reduced by 36%. This indicated that the compression capacity of intact soft clay is relatively high.


[image: image]

FIGURE 4. Soil e-lg p curve before and after freeze-thaw: (A) case I, (B) case II, (C) case III, and (D) case IV.


1It can also be seen from Figure 4 that the variation of the porosity ratio of frozen-thawed soil sample is slightly smaller than that of the natural soil. As the cold-end temperature was −5°C, the variation of porosity of the topsoil sample was the smallest. It was concluded that freezing-thawing make the compressibility of soft clay change in varying degrees, which were closely related to the freezing cold-end temperature and the distance from the cold end.



Variation of Compression Index

The compression index (Cc) of each test sample can be calculated according to the compression curve, that is, the e-lgp curve shown in Figure 4 tended to be a straight line in the pressure range from 100 to 800 kPa, and Cc can be calculated using the slope of line. Figure 5 shows the compression index distribution of soil samples along the height of specimens after freeze-thaw. The Cc of undisturbed soil was 0.33, and it increased or decreased along the different height positions of freeze-thaw specimens under the four cold end temperatures, indicating that the change of Cc for frozen-thawed soil was closely related to the cold-end temperature and the distance from the cold end during freezing.


[image: image]

FIGURE 5. Compression index Cc distribution before and after freeze-thaw.




Moisture Redistribution and Soil Structural Change

The water content, void ratio, and dry density of the soil specimen were measured by sampling layers A, B, C, D, and E (refer to Figure 2), and the changes compared with their respective values before freeze-thaw are presented in Figure 6 for the four cases. More details can be found in Wang et al. (2017), Wang S. et al. (2018). The negative pore-water pressure or suction existing in the freezing fringe is anticipated to induce significant moisture migration and redistribution under the unidirectional freeze-thaw experiments in a closed system, and can render an originally uniform soil into a nonuniform soil. The water content, void ratio and dry density of the soil specimen were measured by sampling layers A, B, C, D and E (refer to Figure 3), and the changes compared with their respective values before freeze-thaw are presented in Figure 9 for the four cases. Note that the dry density and void ratio were obtained at three layers (i.e., A, C and E) due to the test procedure requirement of sample height. It is clear from Figure 9A that the moisture content of the upper portion of the soil specimen decreased, and that of the lower portion increased after freeze-thaw for all four cases. The maximum decrement clearly occurred at the layer closest to the warm end and varied from 2% for Case IV (-15 °C) to 7% for Case I (-5 °C). The maximum increment occurred at varying depths, and ranged from 1 to 2% in a much larger lower portion of the soil specimen for different freezing temperatures. The moisture data indicates a consistent moisture migration from the warm end to the cold end.


[image: image]

FIGURE 6. Moisture content, void ratio, and dry density variation along the specimen height after freeze-thaw experiments under four freezing temperatures.




SOIL MICRO-PORE STRUCTURE CHANGES


Results of MIP Tests

As shown in Figure 7, the MIP test results of undisturbed soil samples (denoted as U11, according to Table 2) included a mercury intrusion and extrusion curve, and the results of other experimental groups showed the same trend in curve, with the difference being only in the value of the mercury intrusion volume. By analyzing the mercury curve of intrusion and extrusion, it can be learned that the intrusion and extrusion curves do not coincide within a certain pressure range, indicating that some mercury remains permanently in soil pores (Li and Zhang, 2009; Beckett and Augarde, 2013). This hysteresis is often explained using the well-known “ink-bottle” theory. Pores shaped like ink bottles (a narrow neck that opens to a large bulb) cause this hysteresis effect (Penumadu and Dean, 2000; Moro and Bohni, 2002).


[image: image]

FIGURE 7. Overall observation of the mercury intrusion curve.


In this paper, the maximum mercury intrusion pressure was 30000 psi. For the mercury intrusion stage, when the mercury intrusion pressure is relatively low, the volume of mercury intrusion increased slowly, and the intrusion curve was smooth. In the process of mercury intrusion, as the intrusion pressure reached a threshold, which was about 80 psi as shown in Figure 7, with the increase of pressure, the cumulative mercury volume increased rapidly. The mercury intrusion pressure was greater than 10000 psi until 30000 psi; although the pressure continued to increase at this stage, the cumulative mercury volume growth tended to be gentle. During the whole process of mercury intrusion, the relationship between the mercury intrusion pressure and the cumulative mercury volume shown in the curve reflected the filling process of pores with different pore size of mercury. By analyzing the mercury intrusion and extrusion curves, many quantitative parameters of pores — total pore volume and area, median pore diameter for volume and area, an average pore diameter, porosity, and fractal dimensions, for example — can be converted. Also, many scholars have studied the characteristics of soil using the MIP method (Penumadu and Dean, 2000; Ninjgarav et al., 2007; Romero and Simms, 2009; Hao et al., 2013; Sasanian and Newson, 2013; Tang and Yan, 2015).

In order to quantitatively study the micro-pore change of clay after freeze-thaw and compression, three characteristic parameters — (1) total pore volume, (2) median pore diameter for volume, and (3) average pore diameter — are used to describe the pore volume change and pore size distribution, with analysis as follows:



Total Pore Volumes

The total pore volume is the total volume of pores measured by MIP at unit mass in units of mL/g. According to the relationship between the pore size and the cumulative intrusion (Formula 1), the pore volume distribution function can be obtained as follows:

[image: image]

where V is the volume of mercury, that is, the total pore volume, and r is the pore size.

Then, according to the pore volume distribution function, the total mercury volume, namely the total pore volume, can be calculated by the integral as follows:

[image: image]

Figure 8 shows the total volume of samples after freeze-thaw and compression of the four cases, with a total of 32 MIP tests. Under the four cases, the total pore volume of the undisturbed soil sample after compression was significantly lower than that of the undisturbed soil, indicating that pores of clay were compressed, and some pores were annihilated by compressing. The pore volume of frozen-thawed samples at different locations along the freeze-thaw specimen height for the four cases was obviously different. The general rule under various conditions was that, (1) there were different changes along the height of the specimen after freeze-thaw, and the difference was related to the cold-end temperature and the distance to the cold end, (2) the change of total pore volume after compression was greater than that after freeze-thaw, and (3) the total pore volume changed the most for the compression samples after freeze-thaw, and the difference was also related to the cold-end temperature and the distance to the cold end.


[image: image]

FIGURE 8. Variation of total pore volume for soil samples with condition: (A) undisturbed, (B) after compressing, (C) after freezing-thawing, (D) after freezing-thawing and compressing. ➀ Consolidation test, ➁ freeze-thaw test, and ➂ consolidation test.



[image: image]

FIGURE 9. Variation of median pore size for soil samples with condition: (A) undisturbed, (B) after compressing, (C) after freezing-thawing, (D) after freezing-thawing and compressing. ➀ Consolidation test, ➁ freeze-thaw test, and ➂ consolidation test.


As mentioned before, in the previous studies related to this paper (Wang et al., 2017; Wang S. et al., 2018), freezing necking phenomenon of clay occurred near the warm end of the specimen under different freezing temperature. During the freezing process, the water in the upper portion of the specimen migrated downward under the temperature gradient and resulted in the soil being consolidated under negative pressure from the freezing front movement and moisture migration. This process can be explained from the view of soil micro-pores undergoing pore shrinkage, or the transformation of larger pores to micro-pore or the annihilation of micro-pore occurring. It also verified the existence of freezing-necking from the perspective of microscopic pore change. For the case I shown in Figure 8A, the total pore volume in the middle position of the specimen increased after freeze-thaw, which coincided with the law of moisture redistribution after freeze-thaw. The difference of total pore volume variation under differentials can be explained as follows. With the freezing front moving during the freezing process, the moisture migration and ice lens formation will always exist, the structure of undisturbed soil samples was disturbed, and complicated processes such as the expansion of original pore by phase transformation of water and ice, connection of part of pore and transformation between small and smaller pore appeared. Moreover, it was noteworthy that the pores of soft clay were easier to be compressed and the sensitivity of soil was increased after freeze-thaw samples were subjected to external forces.



Median Pore Sizes

The median pore diameter, also known as the most probable pore size, is the place where the pore distribution corresponding to a certain pore size is the most concentrated, and the pore size corresponding to the highest peak of the pore distribution and the pore occurrence probability is the largest. In this study, the calculation of the median pore diameter was based on the volume of pores.

The variation of median pore size of each sample after freeze-thaw and compression of the four cases is shown in Figure 9. It was obvious that the median pore size of samples after freeze-thaw varied greatly with the frozen cold-end temperature and the distance from the cold end. Different from the total pore volume change shown in Figure 8, the median pore size after compressing, freezing-thawing, and compressing is smaller than that of undisturbed soil samples, and the effect of freeze-thaw on the median pore size changing is relatively less. Compared with the undisturbed soil sample, the median pore size of freeze-thaw samples changed regularly along the height of specimens for the four cases. For case I shown in Figure 9A, after freezing-thawing, the median pore size of the upper part of the specimen decreased by about 50%, and the lower part of the specimen increased by 1.4 times as much as the undisturbed soil, while the middle part increased slightly but changed only slightly. For the other three cases, the curve moves to the right as the cold end temperature is lower, that is, the median pore size decreased smaller at the upper and increased lager at the lower of the specimen with the cold-end temperature lower. It also reflects that the distribution trend of pore volume after freeze-thaw and compression is pore size transformation. For the upper part of the freeze-thaw specimens and the compressed soil sample, the macrospores are transformed into small pores. Meanwhile, the large pores in the soil near the bottom of the specimen increase, and the pore space of the soil itself is connected or expanded.



Average Pore Sizes

The average pore size is equal to the corresponding pore volume and the corresponding specific surface. The result is obtained from the simplified cylindrical pore. The mean pore diameter can be calculated as follows:

[image: image]

where k is the coefficient related to the shape of the selected pore model. In this paper, the MIP test assumes that if the pore is cylindrical, then k is 4, and if it is a plane plate model, then k is 2. Furthermore, V is the total pore volume and S is the total pore surface area, which is the sum of the equivalent surface areas of all pores under the unit mass of the test sample.

Results presented in Figure 10 are the average pore size distribution of all the 32 MIP testing samples, which were similar to the variation of total pore volume and median pore size. The average pore size of the soil sample after compression decreased by 20%, and that after freeze-thaw and compression decreased by about 40%. After freeze-thaw, the average pore size of the specimen increased or decreased along the specimen height, the difference of cold-end temperature, and the distance from the cold end. The maximum change was still case I, shown in Figure 10A; the average pore size of the upper part of the freeze-thaw specimen decreased 14%, while that of the lower part increased by about 17%. For case IV shown in Figure 10D, the average pore size of the upper part of the specimen remained unchanged, while that of the lower part increased slightly, with little change.


[image: image]

FIGURE 10. Average pore size distribution for soil samples with condition: (A) undisturbed, (B) after compressing, (C) after freezing-thawing, (D) after freezing-thawing and compressing. ➀ Consolidation test, ➁ freeze-thaw test, and ➂ consolidation test.




DISCUSSION


Change of Micro-Pores in Clay After Freeze-Thaw and Compression

As mentioned above, freeze-thaw and compression tests of undisturbed clay were carried out, and the total pore volume, median pore size, and average pore size were obtained by mercury intrusion tests. The results presented in the previous section indicate that the compressive deformation characteristics of frozen-thawed soil closely related to the changes of micro-pore parameters. Figure 11 illustrates the mechanism for micro-pore changes in clay under freeze-thaw and compression.


[image: image]

FIGURE 11. Schematic of micro-pore changes in clay under freeze-thaw and compression (➀ consolidation test, ➁ freeze-thaw test, and ➂ consolidation test). (A) Undisturbed soil, (B) Compressed soil, (C) freeze-thaw, (D) Compressed frozen-thawed soil.


According to the classical theory of soil mechanics, there are three components of soil, including the soil skeleton, pore, and water filled in pore (Terzaghi et al., 1948, 1965). Under the action of an additional load, the soil is compressed. At this time, the soil skeleton is squeezed, the pore between particles is squeezed smaller, and the water in part of the pore is excluded and the soil is consolidated (Figures 11A,B). In the process of freezing-thawing, the effect of temperature field varies with time, which is accompanied by the effect of ice formation in the frozen zone, with the movement of the freezing front and the moisture migration under the action of negative pressure in the unfrozen zone. Under this effect, the pores of soil near the cold end are enlarged under the action of ice formation, and the pores are squeezed as the soil skeleton is under the negative pressure far away from the cold end (Figure 11C). Finally, the consolidation test of frozen-thawed soil samples was carried out. At this time, due to the disturbance of pores and soil particles caused by freeze-thaw ice formation and water migration, the sensitivity of soil is increased, and the pores between soil particles will be further compressed under external forces (Figure 11D). This process can be more intuitively displayed by means of a scanning electronic microscope, and the results will be reported in a separate paper.



Limitations and Engineering Implications

The soil skeleton structure is under the function of three-dimensional stress of the stratum and keeps its inherent structure shape, in the natural state. In this paper, in order to show the change of soil pore under freeze-thaw and compression more faithfully, the original soil samples were tested, ignoring the influence of disturbance on soil pore structure caused by the sampling and sample preparation process. Furthermore, as the sample size of MIP is small, to avoid the influence of the structure difference of soil samples in different states, the mercury intrusion test data in all states were obtained by three groups of parallel tests with average values.



SUMMARY AND CONCLUSION

This study (1) presents MIP data on a clay specimen before and after a one-directional freeze-thaw test in a closed system and physical property data obtained using conventional laboratory testing of samples from different locations within a specimen; (2) analyzes the micro-pore change of clay after freeze-thaw and compression using three characteristic parameters, including total pore volume, median pore diameter for volume, and average pore diameter; (3) demonstrates how MIP data can be used for the quantitative assessment of local changes in micro-pores. The following conclusions can be drawn:


(1)The compression index varies with the height and location of the specimen after freeze-thaw with different cold-end temperatures.

(2)The mercury injection pressure threshold exists in the clay, there is hysteresis in the stage of mercury removal, and the micro-pores of soil contains ink-bottle type pores.

(3)The total pore volume, median pore size, and the average pore size are closely related to the cold-end temperature, the distance from the cold end, and the compression effect.

(4)There are close correlations between the variation of micro-pore parameters and variation of compression index, pore ratio, water content, and density.

(5)Quantitative changes of micro-pores under freeze-thaw and compression can be related to the consolidation principle of soil mechanics and the principle of moisture migration driven by negative pressure in the freeze-thaw process. Additional testing for soil micro-structure observation and image analysis, and the characterization of other soil types, should be conducted.
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A series of direct shear tests using a large-scale constant-normal-stiffness direct-shear testing system was conducted to study the factors that influence the mechanical characteristics of a pile–soil interface (PSI) in clay soil. Interfaces of different roughness (R = 0, 2, 4, and 6 mm) were tested in clay soil with four different water contents with four normal stresses under different shear rates during shearing. Results for the interfacial shear behavior are presented as shear-stress–shear-strain curves, shear strength, and parameters. The results show that (i) the higher the roughness, the higher the shear strength of the PSI. The larger the normal stress, the smaller the roughness effect on the shear strength and parameters of the PSI; and (ii) the higher the water content of the clay soil, the lower the shear strength of the PSI, with maximum cohesion at a water content of 25%. The main influence that increasing the water content has on the shear strength of the PSI is changing the coherence, while the shear rate in this test range has less effect on the shear strength of the PSI. Overall, the mechanical characteristics of the PSI are influenced by roughness, water content, and shear rate, and close attention should be paid to those three factors when analyzing test results.

Keywords: clay soil, pile–soil interface, mechanical characteristics, roughness, water content, shear rate


INTRODUCTION

Pile–soil interaction is a key research topic when considering how soil and structures interact. When analyzing pile–soil interaction, it is important to consider the mechanical properties of the pile–soil interface (PSI), which are studied by means of indoor contact shear tests. Currently, the commonly used indoor shear tests for soil–structure contact surfaces are the direct shear test (Ramsey et al., 1998; Guo et al., 2000; Airey and Kelly, 2010; Quinteros et al., 2017), the single shear test (Rebelo, 2003), and the ring shear test (Lutenegger et al., 1981; Jewell, 1989; Reddy et al., 2000; Guo, 2008). Potyondy (1961); Clough and Duncan (1971), Brandi (1985); Desai and Drumm (1985), Fakharian and Evgin (1997); Hu and Pu (2001), Canakci et al. (2016), all used the direct shear test to study the relationship between soil and structures. Regarding the mechanical properties of the contact surface, Potyondy (1961) used the direct shear test to study those of silty soil, silty clay, and clay with concrete, steel, and wood. Sun et al. (2009); Wang et al. (2009), Yang et al. (2009), and Liu et al. (2011) used ring shear tests to carry out the interface shear tests considering mud skin and ring shear tests of overconsolidated clay at three different shear rates. Currently, the test that is used most widely is the direct shear test, in which loading by a constant-stiffness direct-shear instrument reflects the dynamic change of the normal stress at the PSI along with the normal displacement of the soil, which is consistent with the actual stress condition of pile–soil interaction. Some scholars also studied the stress characteristics between pileand soil through transparent soil and PIV technology (Yuan et al., 2016, 2019a,b, 2020).

In practical engineering, most jacked piles are in clay soil layers. Considering the practical application characteristics of the jacked piles, the clay soil can reproduce the actual working state of the jacked piles. The penetration of a jacked pile is affected by factors such as the water content of the clay soil around the pile (Yang et al., 2009), the soil pressure on the sides of the pile (Sun et al., 2009; Chen et al., 2016), the pile roughness (Zhao et al., 2012), and the pile sinking rate (Zhou et al., 2010; Xu et al., 2013). Many scholars have conducted in-depth investigations of the shear-strength parameters of PSIs. Using a scheme of loading and unloading (The National Standards Compilation Group of People’s Republic of China, 1999) analyzed how the stress history influenced the effective coefficient of friction and cohesion at a PSI. By varying the water content and forward shear ratio of the soil, Lu et al. (2013) determined how those parameters affected the cohesion and friction angle. Xu and Meng (2010) and Chen et al. (2016) studied how roughness influenced the shear strength and index of the contact surface; they proposed that the main reason for the increased shear strength of the contact surface with greater roughness was the increase in cohesion, which was far greater than the change in the internal friction angle. At present, some scholars conducted a series of tests to improved the shear strength of soil by adding fiber, and many useful conclusions have been obtained (Wang et al., 2017, 2018, 2019).

The above research shows that the shear-strength parameters of a PSI are affected by the water content, the roughness of the contact surface, and the shear rate. To date, there has been a lack of experimental laboratory research on how PSI change during static-pressure pile driving, and therefore the factors that influence the mechanical properties of a PSI in viscous soil are not known accurately. To study how roughness, water content, and shear rate influence the shear strength and parameters of a PSI in cohesive soil, the present author used a large-scale constant-stiffness direct-shear instrument to study the contact between cohesive soil and concrete for (i) four different roughness grades of the contact surface, (ii) four different water contents, and (iii) four different normal stresses and shear rates. The design of the present pile foundation provides a theoretical basis and has important application value in engineering.



TEST PLAN


Test Instruments

The device used for the tests was a large-scale direct-shear test system. The system comprises two shear boxes, an upper one and a lower one. During a test, a concrete block was placed in the lower box, and the upper box was filled with clay soil after installing a baffle so as to simulate the shear of a PSI in actual engineering. The direct-shear test system is simple to operate, controls the shear rate of stiffness displacement precisely, and provides automatically collected data on the normal shear stress. The test device is shown in Figure 1.


[image: image]

FIGURE 1. Large-scale constant-normal-stiffness direct-shear apparatus for pile–soil interface (PSI): (A) Front elevation; (B) Back elevation.




Soil Samples

The soil samples used in the tests were taken from the silty clay layer in a project site in Qingdao in China. Following standard GB50123-1999 for geotechnical tests (Liu et al., 2016), the undisturbed soil was dried, crushed, and screened, and soil samples with different water content were prepared by adding water. For stratified compaction, all the soil samples had the same dry density, which was controlled at 1.58 g/cm3. The prepared soil samples were left standing for 7–10 days to ensure moisture uniformity therein. Taking the water content of a soil sample as 28% as an example, the basic physical properties of the soil are given in Table 1.


TABLE 1. Basic physical properties of clay.

[image: Table 1]


Concrete Blocks

A block of concrete with a strength grade of C50 was placed inside the shear box under the instrument to simulate the concrete of the pile body. As shown in Figure 2A, the concrete surface had a sawtooth profile, with one sawtooth being 2 mm wide at its top and 10 mm wide at its base. To simulate the interfacial roughness of actual precast piles (i.e., interfaces I, II, III, and IV), concrete blocks were prepared with sawtooth heights R = 0, 2, 4, and 6 mm, respectively. Photographs of the surfaces of the concrete test blocks with different roughness are shown in Figure 2B.


[image: image]

FIGURE 2. Interface roughness setting: (A) Sawtooth peak–valley distance of concrete interface; (B) Concrete test blocks of different roughness.




Silicon Piezoresistive Sensor

To measure directly the radial soil pressure and pore water pressure at the PSI, silicon piezoresistive sensors were embedded in holes on the surface of the concrete test block. The diameter of the silicon piezoresistive sensor was 10 mm, the height was 6 mm, and the data acquisition frequency was 2000 Hz. The soil pressure sensor and the two pore water pressure sensors were installed on the surface of the concrete test block using the same installation method, as shown in Figure 3.


[image: image]

FIGURE 3. Diagram of installation of silicon piezoresistive sensors.




Experimental Procedure

The test process is shown in Figure 4. During a test, a prepared concrete block with the silicon piezoresistive sensors was placed in the shear box under the direct-shear meter. Then the soil samples with different moisture content were layered compaction. Put equal volume soil samples into each layer, and then use light rubber hammer to evenly compaction. The height of each layer is 80 mm after compaction. After each layer of soil sample is compacted, the soil surface is shaved to ensure the uniformity of the soil. Repeat this procedure and test soil samples are compacted in 5 layers. Finally, normal stress is applied to shear test and data are collected in real time.


[image: image]

FIGURE 4. Testing process: (A) Making concrete test blocks, (B) Place concrete test block, (C) Remodeling soil samples, (D) Data collection systems.




Test Content

Direct shear tests were carried out on soil samples with different water content under the conditions of different roughness and shear rate, and the shear displacement was controlled at 40 mm to study the mechanical properties of the PSI in viscous soil. The experiment was divided into 96 groups, as listed in Table 2. The relationship between the shear stress and shear displacement of the samples with different parameters was obtained.


TABLE 2. Groups of samples.

[image: Table 2]


ANALYSIS OF TEST RESULTS


Influence of Roughness


Shear Stress Versus Shear Displacement

Figure 5 shows the curves of shear stress versus shear displacement (τ-u curves) of the PSI under different roughness conditions. Take the same water content ω = 28% and the same shear rate as 1.0 mm/min as an example. As can be seen, when the roughness is same, the τ-u curves coincide at small shear displacement, after which they deviate. The maximum shear stress and the shear failure displacement increase with the normal stress; when the roughness level is low (R ≤ 2 mm), the τ-u curve exhibits a distinct line shape at normal stress σ ≤ 50 kPa. For normal stress σ ≥ 100 kPa, the τ-u curves are of a type that is between linear and hyperbolic. The curves have no obvious turning point; when the roughness level is high (R ≥ 4 mm), the τ-u curves have a more pronounced linear shape. When the normal stress reaches 50 kPa, the shear stress reaches a maximum value, and then a small drop occurs, finally, it tends to be gentle.


[image: image]

FIGURE 5. Shear-stress–shear-strain curves for given roughness and varying normal stress: (A) R = 0 mm; (B) R = 2 mm; (C) R = 4 mm; (D) R = 6 mm.


Figure 6 shows the τ-u curves for different values of the interfacial roughness R. For a given normal stress, the τ-u curves with different roughness have overlapping sections that are separated by shear failure with increasing roughness. With increasing normal stress, the difference of τ-u curve is reduced under different roughness, and the influence of roughness on τ-u curve is gradually reduced. For a given normal stress, the roughness has a significant influence on the τ-u curve. For R ≤ 2 mm, the shear stress of the τ-u curve reaches a peak and remains basically unchanged, showing a more obvious linear shape. For R ≥ 4 mm, strain softening occurs after the shear stress of the τ-u curve reaches a peak.


[image: image]

FIGURE 6. Shear-stress–shear-strain curves for given normal stress and varying roughness: (A) σ = 25 kPa; (B) σ = 50 kPa; (C) σ = 100 kPa; (D) σ = 150 kPa.




Pile–Soil Interface Shear Strength and Its Parameters

Figure 7A shows that (i) the shear strength at the PSI increases gradually with the roughness level and (ii) the difference in shear strength between different PSIs decreases with the normal stress. With increasing roughness, the growth rate of the cohesion first increases and then decreases, and the friction coefficient stabilizes gradually after growing linearly (see Figures 7B,C). Under the present experimental conditions, (i) the greater the normal stress, the less the roughness influences the shear strength of the PSI and (ii) the higher the roughness grade, the less the shear-strength parameters influence the PSI. These results are similar to those obtained by Liu et al. (2011).


[image: image]

FIGURE 7. Interface shear strength and its parameters vary with roughness: (A) Relationship between shear strength and roughness; (B) Relationship between cohesion and roughness; (C) Relationship between coefficient of friction and roughness.


Some experts and scholars use the Mohr–Coulomb criterion (MCC) for shear failure (τ = σtan⁡φ + c) to study the shear strength of contact surfaces (Zhao et al., 2012; Lu et al., 2013; Chen et al., 2016). From how the cohesion varies with roughness in Figure 7B, correlation analysis gives

[image: image]

Substituting that expression into the MCC gives

[image: image]

From Figure 7C, the relationship between the friction coefficient and the roughness is approximately exponential. The fitting coefficient is 0.97, and the function is

[image: image]

In summary, the MCC is obtained as

[image: image]

where τ is the shear stress, σ is the normal stress, φ is the angle of internal friction, and R is the roughness. The relationship between the shear stress and the roughness and normal stress is obtained, and the shear strength can be predicted based on the roughness and normal stress.



Influence of Water Content


Shear Stress Versus Shear Displacement

Figure 8 shows the τ-u curves of the PSI in cohesive soil with different values of water content. As can be seen, the PSI under various water content test conditions shear stress peak and shear failure displacement occurred. For a given water content, the larger the normal stress, the larger the maximum shear stress and the shear-failure displacement. For the highest water content ω of 28%, the τ-u curves exhibit insignificant strain softening. After the maximum shear stress, the strength decreases, enters the strain-softening stage, and finally stabilizes. For ω < 28%, the shear stress reached after the peak tends to be stable and the corresponding shear displacement continues to increase, showing typical elastoplastic deformation.


[image: image]

FIGURE 8. Shear-stress–shear-strain curves for given water content and varying normal stress: (A) ω = 18%; (B) ω = 20%; (C) ω = 25%; (D) ω = 28%.


Figure 9 shows the τ-u curves of water content change under different normal stresses, where again ω is the water content. The τ-u curves show the shear stress for different values of the normal stress. With increasing water content in the range investigated, the maximum shear stress decreases by 4.45–10.68 kPa and the shear-failure displacement increases by 1.67–6.73 mm. For a given normal stress, the initial slopes of the τ-u curves are basically the same, and the slope decreases with the water content. When the shear stress reaches a peak, the larger the water content, the smaller the peak value of the shear stress.


[image: image]

FIGURE 9. Shear-stress–shear-strain curves for given normal stress and varying water content: (A) σ = 25 kPa; (B) σ = 50 kPa; (C) σ = 100 kPa; (D) σ = 150 kPa.




Pile–Soil Interface Shear Strength and Its Parameters

The results of the direct shear tests show that the higher the water content, the lower the shear strength of the PSI (see Figure 10A). With increasing water content, the cohesive force increases initially and then decreases, reaching a maximum at a water content of 25% (see Figure 10B). This is the critical water content of the soil sample: at this value, the soil sample is in the plastic state and the bond with the pile is the best. With further increase in water content, there is likely to be water between the pile and the soil, and lubrication by this water film decreases the shear strength of the PSI (Wang et al., 2009). With increasing water content, the friction coefficient of the PSI decreases initially and then stabilizes, and the reduction is only around 5.5% (see Figure 10C). As can be seen, the water content mainly affects the cohesive force at the PSI, and the change in cohesion is the main reason for the change in the shear strength at the PSI.


[image: image]

FIGURE 10. Interface shear strength and its parameters vary with moisture content: (A) Relationship between shear strength and water content; (B) Relationship between cohesion and water content; (C) Relationship between coefficient of friction and water content.


The curve in Figure 10B is approximately quadratic, and the fitting coefficient is 0.923. The expression of the fitted curve is

[image: image]

The relationship between the friction coefficient and water content in Figure 10C is also approximately quadratic. The fitting coefficient is 0.843, and the correlation is weak. The relational expression is

[image: image]

In summary, the MCC is obtained as

[image: image]

where ω is the water content, τ is the shear stress, v is the shear rate, and σ is the normal stress. As such, the shear strength can be predicted from the water content and normal stress. However, because the correlation degree of Eq. (6) is low, the prediction accuracy of Eq. (7) is lower than that of Eq. (4).



Influence of Shear Rate


Shear Stress Versus Shear Displacement

Figure 11 shows the τ-u curves of the PSI in cohesive soil at different shear rates. Take the same roughness grade R = 0 mm and the same water content as 28% as an example. As can be seen, at the same shear rate, the τ-u curve increases the shear stress peak and shear failure displacement with increasing normal stress. The greater the normal stress, the faster the shear stress peak and the shear failure displacement increase.


[image: image]

FIGURE 11. Shear-stress–shear-displacement curves for given shear rate and varying normal stress: (A) v = 0.4 mm/min; (B) v = 0.6 mm/min; (C) v = 0.8 mm/min; (D) v = 1.0 mm/min.


Figure 12 shows the variation of shear rate τ-u under different normal stresses. The shear rates are listed in each graph. As can be seen, for a given normal stress, the maximum shear stress does not change greatly with the shear rate, indicating that the shear rate has little effect on the maximum shear stress, and the shear-failure displacement corresponding to the maximum shear stress at the PSI does not change significantly. The τ-u curves of the PSI show a similar law at different shear rate; that is, the shear stress increases initially with the shear displacement and then becomes constant after reaching the maximum shear stress. Figure 12 shows that in the range of shear rate studied herein, the τ-u curves differ little, indicating that the shear rate has little effect on the mechanical shear properties of the PSI. This has also been verified in direct and ring shear tests of reinforced soil interfaces (Lu et al., 2013; Liu et al., 2016). How the shear rate affects the mechanical properties of the PSI requires further study.


[image: image]

FIGURE 12. Shear-stress–shear-strain curves for given normal stress and varying shear rate: (A) σ = 25 kPa; (B) σ = 50 kPa; (C) σ = 50 kPa; (D) σ = 150 kPa.




Pile–Soil Interface Shear Strength and Its Parameters

The present results show that the shear strength decreases with the shear rate. When the normal stress σ is small, the shear strength decreases by less than 10%. For σ ≥ 100 kPa, the shear rate influences the shear strength of the PSI considerably, with the latter fluctuating by as much as 15% (see Figure 13A). The cohesion increases initially by 0.87 kPa with increasing shear rate and then decreases by 1.41 kPa with further increase (see Figure 13B). An increase in the shear rate results in a constant decrease in the coefficient of friction, but a smaller decrease (see Figure 13C). In actual engineering, the shear rate may cause excess pore water pressure, which then affects the PSI strength. However, it is difficult to simulate this process in the present experiment, which leads to the conclusion that the shear rate has little influence on the PSI shear strength.


[image: image]

FIGURE 13. Interface shear strength and its parameters vary with shear rate: (A) Relationship between shear strength and shear rate; (B) Relationship between cohesion and shear rate; (C) Relationship between coefficient of friction and shear rate.


The curve of cohesive force versus shear rate in Figure 13B is approximately quadratic, and the fitting coefficient is 0.997. The fitted function is

[image: image]

From Figure 13C, the friction coefficient decreases with the shear rate, and the fitting coefficient is 0.937. The function is

[image: image]

In summary, the MCC is obtained as

[image: image]

where v is the shear rate, τ is the shear stress, and σ is the normal stress. As such, the shear stress can be predicted from the normal stress and the shear rate.



CONCLUSION

(1) The curves of shear stress versus shear displacement of the PSI have an obvious fold line shape, and strain softening is not obvious at the roughness levels considered herein. For a given normal stress, the PSI shear strength and its parameters increase with roughness. However, with increasing normal stress, the roughness has less effect on the PSI shear strength and its parameters.

(2) For high water content, the shear-stress–shear-displacement curves of the PSI show no obvious strain softening, while they show typical elastic–plastic deformation for low water content. The PSI shear strength decreases with the water content: the peak shear stress decreases and the shear-failure displacement increases. With increasing water content, the cohesion reaches its maximum value at a water content of 25% and the PSI friction coefficient decreases initially and then stabilizes.

(3) Within the present range, the shear rate has little influence on the mechanical shear properties of the PSI, and the shear strength has small reduction for smaller normal stress. The range of shear rate that affects the mechanical properties of the PSI requires further study.

(4) The shear strength of the PSI is affected by the three factors of roughness, water content, and shear rate of the contact surface. The degree of influence of each factor is related to the normal stress, indicating the lateral frictional resistance is affected by the soil pressure on the pile sides during pile penetration. With increasing pile penetration depth, the soil pressure on the pile sides becomes the main reason for the increasing pile resistance.

In summary, in this paper, the factors influencing the shear characteristics of PSI in clay soil were studied. The results show that roughness, water content and shear rate are related to cohesion and friction coefficient. Therefore, affecting the interface shear mechanical characteristics of piles and soil. It provides a theoretical basis for further study of shear mechanical properties of the interface between clay and structure.
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There are many well-developed weathered diorite-porphyrites, except main rocks, in the Jurong pumped storage power station of Jiangsu Province, China. Due to different geological environments, diorite-porphyrites emerged by invading faults and can alter from weakly weathered to strongly weathered in less than half a year, which directly affected the safety and stability of hydraulic structures. Therefore, it is important to study the mechanical properties of diorite-porphyrites with different degrees of weathering. The main purpose of this paper is to investigate the effects of the different degrees of weathering on the shear behavior and the mechanical properties of diorite-porphyrites. Experimental and numerical direct shear tests were performed under normal stresses of 0.54, 0.77, 1.53, and 2.30 MPa on strongly weathered, moderately weathered, and weakly weathered samples, respectively. The test results show that with the increase of the degree of weathering, the chemical composition changed; the cohesion and the internal friction angle both decreased. Crack initiation, propagation, and coalescence were all observed with the numerical simulations using two-dimensional particle flow code (PFC2D). The numerical results are in good agreement with the experimental results, and this numerical approach can reproduce the shear behavior of the weathered diorite-porphyrites under different shear conditions. Based on the gradient of the pre-peak stage, the peak stress, and the residual stress, the shear stress–displacement curves can be categorized into three types: type A (mostly for the strongly weathered diorite-porphyrite), type B (mostly for the moderately weathered diorite-porphyrite), and type C (mostly for the weakly weathered diorite-porphyrite). A set of microparameters that can properly simulate the weathered diorite-porphyrites in PFC2D was proposed, which can be applied in the engineering simulation for further analysis.
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INTRODUCTION

Weathering is widespread in nature. Generally, there are two basic categories of weathering. Mechanical weathering is accomplished by the physical forces that break rocks into smaller and smaller pieces without changing the rock’s mineral composition. Chemical weathering involves the chemical transformation of rock into one or more new compounds. Both types of weathering reduce the strength of rocks (Carroll, 2012). The mechanical and chemical weathering processes usually work simultaneously in nature and reinforce each other. Mechanical weathering which is caused by expansion, resulting from unloading or excavation and salt crystal growth, is the focus in the field of geotechnical engineering. The mechanical weathering forces work to pry apart grains and enlarge fractures. The most important factor of chemical weathering is water. Oxygen dissolved in water oxidizes iron-rich minerals, and carbon dioxide dissolved in water forms carbonic acid, which attacks and alters the rock. Cracks that are exploited by mechanical weathering will increase the surface area exposed to chemical action, thus amplifying the rate of disintegration. Chemical weathering contributes to mechanical weathering by weakening the outer portions of some rocks, which, in turn, makes them more susceptible to being broken by the mechanical weathering processes (Lutgens et al., 2014).

However, different rocks are composed of different minerals and different structures, which lead to the different weathering rates of rocks. The weathering front does not propagate in a uniform way. It preferably follows the joints and other weak zones (Colman, 1981; Lin et al., 2019b). Hence, there are many weak intercalations caused by weathering in the rock mass (Bons et al., 2012). The weak intercalation is the main weak surface which controls rock stability and strongly influences the stability of the rock masses in geotechnical engineering projects such as an underground excavation. The mechanical response of the weak intercalation to weathering becomes a hot topic for geotechnical engineers (Fei et al., 2010; Zelin et al., 2016; Zhang et al., 2018; Zhao et al., 2018a). To obtain the deformation and shear strength of a weathering rock, researchers have attempted to develop some new apparatus and methods (Sun et al., 2004; Duan et al., 2017; Vlastelica et al., 2017; Chen and Lin, 2019). Treatments like freezing–thawing cycles, drying–wetting cycles, and cooling–heating cycles were applied on various rocks, including granite, marl, and mudstone, to simulate the weathering process (Özbek, 1998; Miščević and Vlastelica, 2010; Li et al., 2011; Zeng et al., 2018). These laboratory experiments showed that the compressive strength, the shear strength, and the tensile strength generally decrease after the weathering treatments, mainly owing to the generation of intergranular microcracks at the interfaces between the different minerals.

Currently, the combination of physical tests and numerical simulations has become an efficient method to carry out research in the area of rock mechanics (Sun et al., 2014; Fan et al., 2018; Wang et al., 2019a). The two-dimensional commercial discrete element method (DEM) program particle flow code (PFC2D) was first introduced by Cundall and Strack (1979) and has become an important numerical analysis tool to simulate the mechanical behavior of a granular material (Potyondy and Cundall, 2004; Lin et al., 2019a; Wang et al., 2019b). In the process of numerical simulation, the rock materials are represented by 2D dense packing assembly of rigid circular particles. The particles are bonded at their contact points. There are two basic bonding models: a contact-bond model, which can only resist the force, and a parallel-bond model, which can resist both the force and the moment. The contact force and the moment between two particles are computed based on their overlap and relative moments. When the component of the contact force exceeds either the tensile strength or the shear bond strength, the bond breaks and damage occurs. Optimized methods of building a microscaled model and calibration of microscopic parameters have been raised to overcome the disadvantages of the particle flow method (Yoon, 2007; Shi et al., 2019). Therefore, PFC can be used to monitor the number and the location of microcracks in the numerical samples; the form and the coalescence of microcracks can also be presented. Hu et al. (2017) used PFC to simulate the failure behavior of mudded weak interlayer during the direct shear tests. The strain-softening characteristics of the weak interlayers were found, and the shear strength indexes were predicted, which can provide help for judging the slope stability. Zhao et al. (2018b) investigated the thermal effect on the granites using experimental Brazilian tensile tests and numerical simulations, and they found that heat advection is an important factor in weakening the strength of granite.

As a permanent deformation zone, the weak intercalation formed by weathering has poor support capability (Zhao et al., 2014; Le et al., 2018). Therefore, the weak interlayer is a poor rock mass system with variable thickness and weak mechanical properties, which plays a controlling role in the stability of the dam foundation against sliding and seepage. The instability of the lots of the dam foundation and the arch dam abutment are caused by the weak interlayer (Espada et al., 2018). For example, in Gezhouba Dam Hydropower Station, shear dislocation occurred in the foundation pit wall rock due to the weak interlayer (Naiqi and Wei, 1991), and the instability risk in the Xiluodu arch dam abutment was also improved by the soft interlayer (Liu et al., 2013). Moreover, one of the factors which lead to the stability of the large, deep underground caverns is the weak interlayer caused by weathering. Because of the low shear strength of tuff breccia, the weak interlayer makes it difficult to excavate the underground caverns safely in the Baihetan Hydropower Station (Dai et al., 2016). In the thermo-hydro-chemical environment, the weak interlayer can seriously damage the shape of the Yunying salt cavern (Meng et al., 2016).

In previous researches, little attention has been paid to the mechanical properties of naturally weathering rocks, and the weak intercalation of diorite-porphyrites has not been considered. In the field of Jurong pumped storage power station, a large number of diorite-porphyrite dikes are filled in with dolomite. The degree of weathering of the diorite-porphyrites that are exposed in the exploratory tunnels altered a lot during the excavation of the tunnel, changing from being weakly weathered to being strongly weathered in less than half a year. The stability of the reservoir slope and the water delivery tunnel is seriously affected by this weathered diorite-porphyrite weak interlayer. Therefore, in this paper, direct shear tests were conducted on the weathering diorite-porphyrites collected from Jurong pumped storage power station. The main aim of this study is to investigate the weathering effect on the shear behavior and the mechanical properties of diorite-porphyrites with similar mineralogical compositions but with different degrees of weathering. Laboratory tests to determine the shear strength parameters of the weathering rocks were performed on the diorite-porphyrites samples collected from the field. By numerical direct shear tests using PFC2D, a set of parameters that can correctly simulate the weathering diorite-porphyrites was proposed. The experimental results can help to evaluate the stability of the underground caverns and the dam foundations in Jurong pumped storage power station. Moreover, the microparameters can be used as a reference for the study of the weathering diorite-porphyrite in PFC2D in the future.



ROCK SPECIMENS AND TESTING PROCEDURE


Material and Sample Preparation

The sampling locality is in the region surrounding the upper reservoir of Jurong pumped storage power station, which is located in the Jiangsu Province, Southeastern China (Figure 1). At the micrometer scale, the diorite-porphyrite samples are mainly constituted of quartz, feldspar, calcite, dolomite, chlorite, mica, and pyrite. The diorite-porphyrite specimens used for the direct shear tests were cylinder-shaped, with a height of 50 mm and a diameter of 50 mm. As shown in Figure 2, cylindrical samples of 50 mm in diameter (Figure 2B) were first cored from an original rock block (Figure 2A), and then the cylindrical samples were cut to a final height of 50 mm and polished at both ends for the laboratory tests (Figures 2C,D). Due to the difficulty in obtaining a large number of good-quality samples from a single rock block, a total of 45 samples were produced from the diorite-porphyrite blocks, respectively. The samples were stored in dry air at room temperature before the mechanical tests.


[image: image]

FIGURE 1. (a) Geological location of Jurong pumped storage power station. (b) Weathered diorite-porphyrite on the ground. (c) Weathered diorite-porphyrite in the exploratory tunnel PD2. (d) Weathered diorite-porphyrite in the exploratory tunnel PD4.



[image: image]

FIGURE 2. The process of preparing the test samples. (a) Original rock samples. (b) Drilling rock samples. (c) Grinding rock samples. (d) Final rock samples.




Weathering Classification of the Samples

Figure 3 shows the process of evaluating the degree of weathering of the diorite-porphyrite samples. The degree of weathering of the samples was categorized according to the Chinese standard method for investigation of geotechnical engineering (GB 50021-2001) (Ministry of Housing and Urban-Rural Development, 2009). As shown in Figure 3A, the chemical analyses were firstly performed on six diorite-porphyrite blocks collected from the exploratory tunnels, named PD2, PD4, and PD5. The chemical compositions of the six intact diorite-porphyrite blocks were analyzed and are presented in Figure 3B. The average distribution of the chemical composition in the diorite-porphyrite samples is SiO2 – 49 ± 15% of the rock, Al2O3 – 14 ± 2% of the rock, and Fe2O3, CaO, MgO – 7 ± 4% of the rock; the ancillary minerals constituting of K2O, Na2O, and SO3 were less than 4%. According to their content of Na2O, the samples were divided into two groups: the unaltered group and the altered group. The unaltered diorite-porphyrite group contains Na2O, while the altered diorite-porphyrite group does not. For the six blocks, samples PD2-45 and PD2-75 are the unaltered specimens, and they were directly classified as weakly weathered samples. On the contrary, samples PD2-84, PD2-347, PD4-55, and PD5-70 are the altered specimens, which should be further categorized according to the integrity of the rock mass.
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FIGURE 3. Evaluation of the degree of weathering. (A) Process for determining the degree of weathering. (B) Chemical composition of the content of samples.


Structure evaluation was then carried out on the altered diorite-porphyrite group. In accordance with the recommendations of the Chinese standard method and the rock mass structure characteristic in the field, the rock sample collected from broken rock mass with abundant weathering fissures was identified as a strongly weathered sample, and the rock sample collected from the rock mass with a small number of weathering fissures was identified as a moderately weathered sample.



Test Procedure

In order to obtain a reference value of normal stress for the direct shear tests, nine samples of different degrees of weathering were randomly selected from the total of 45 samples for the uniaxial compression test. The obtained results are given in Figure 4. Figure 4 shows that the average uniaxial compressive strength of the nine samples is 7.65 MPa (SW – strongly weathered, σc < 5 MPa; MW – moderately weathered, 5 MPa < σc < 10 MPa; and WW – weakly weathered, σc > 10 MPa). Furthermore, 7, 10, 20, and 30% of the uniaxial compressive strength (0.54, 0.77, 1.53, and 2.30 MPa) were chosen as the normal stress in the direct shear tests.


[image: image]

FIGURE 4. Uniaxial compressive strength of the tested rock samples.


A servo-control testing system (YZ-30B) was employed for the direct shear tests. At the beginning of the shear tests, the normal load is firstly applied to a specific value mentioned above to maintain a constant normal force. Then, the shear load with a horizontal loading rate of 0.2–0.4 kN/s is applied to the diorite-porphyrite samples during the direct shear tests. The shear load is finished when the shear displacement reaches 4 mm, and the shear stress–displacement curve is recorded for further analysis.



EXPERIMENTAL RESULTS


Shear Stress–Displacement Curves

Figure 5 shows the typical shear stress–displacement curves of diorite-porphyrite specimens with different degrees of weathering. It can be seen from Figure 5 that the shear strength corresponding to the normal stress is also larger for the samples with a milder degree of weathering, which indicates that the weakly weathered diorite-porphyrite is more brittle than the moderately weathered and the strongly weathered samples. This observation was predictable because of the low alteration of the mineral composition. Indeed, of the 36 samples, the strongly weathered samples had the lowest shear strength under the normal stress of 0.54 MPa. The average shear strength decreased with the magnitude of the degree of weathering, which indicated that weathering can affect the shear strength of diorite-porphyrite.
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FIGURE 5. Shear stress–displacement curves of weathered diorite-porphyrite specimens under direct shear tests.




Macro-Mechanical Parameters

Table 1 shows the shear strength of the direct shear tests on the diorite-porphyrite samples with different degrees of weathering. From Table 1, it can be seen that, under the normal stress of 0.54, 0.77, 1.53, and 2.30 MPa, the respective average shear strength values of the strongly weathered diorite-porphyrite samples are 0.54, 0.77, 1.47, and 1.54 MPa, the respective average shear strength values of the moderately weathered diorite-porphyrite samples are 2.00, 2.77, 3.40, and 4.44 MPa, and the average shear strength values of the weakly weathered diorite-porphyrite samples are 3.19, 3.50, 4.95, and 5.64 MPa, respectively. Generally, the shear strength increases with the normal stress. This phenomenon was observed for most samples, except for samples SW3 and MW2. The exceptional cases were related to the tiny discontinuities in the weathered diorite-porphyrite samples.


TABLE 1. Shear strength of diorite-porphyrite samples with different degrees of weathering.

[image: Table 1]According to the Mohr–Coulomb criterion, the variations of cohesion and internal friction angle with the degree of weathering are shown in Table 2 and Figure 6. Both the cohesion and the internal friction angle of the three types of the diorite-porphyrite samples exhibit a monotonous increasing trend with the decreasing degree of weathering. The specimens with strong, moderate, and weak degrees of weathering had average cohesion values of 0.32, 1.52, and 2.47 MPa, respectively. It is also observed from Figure 6 that the diorite-porphyrite samples with these three degrees of weathering had average internal friction angles of 29.30°, 49.75°, and 55.06°, respectively.


TABLE 2. Shear strength parameter of weathered diorite–porphyrite samples according to the Mohr–Coulomb criterion.

[image: Table 2]
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FIGURE 6. Shear strength parameters of samples according to the Mohr–Coulomb criterion. (A) Direct shear test results and Mohr–Coulomb fits. (B) Cohesion and internal friction angle of the samples.




NUMERICAL MODELING AND SIMULATED RESULTS


Numerical Model and Micro-Parameters

The cohesion and the internal friction angle of weathering diorite-porphyrite have been obtained using specimens by experimental tests, and numerical simulation should be conducted to illustrate the distribution of the contact force and the initiation, propagation, and coalescence of microcracks for further analysis. Considering the calculation efficiency, a two-dimensional commercial DEM program particle flow code (PFC2D) was used in this section. In the numerical simulation, the size of the sample is 5 cm × 5 cm. Taking into account the computing time, 7,555 fine-grained particles with a minimum radius of 0.25 mm and a maximum radius of 0.4 mm were generated to simulate the rock sample.

The determination of the microparameters in the numerical simulation software is of great importance, which is related to the accuracy of engineering analysis in the future. Corresponding to the indoor laboratory tests in section “Rock Specimens and Testing Procedure”, three types of numerical diorite-porphyrite models were considered in this numerical study: (1) NSW for the strongly weathered diorite-porphyrite, (2) NMW for the moderately weathered diorite-porphyrite, and (3) NWW for the weakly weathered diorite-porphyrite. Mechanical weathering can reduce the modulus and the density of the rock, so different effective modulus and density were adopted to simulate the effects of physical weathering. Chemical weathering can reduce the bond strength on the mineral surfaces (Grgic et al., 2013), and thus different parallel bond parameters, especially the tensile strength and the cohesion, were adopted to simulate the chemical weathering of the diorite-porphyrite samples.

Uniaxial compression tests were firstly performed to calibrate the microscopic parameters on the numerical specimens. The calibration process of microscopic parameters was performed by a trial-and-error method. In the laboratory tests, the uniaxial compressive strength of the strongly weathered, the moderately weathered, and the weakly weathered samples is 4.08, 7.17, and 11.70 MPa, respectively. In the numerical tests, the uniaxial compressive strength of the strongly weathered, the moderately weathered, and the weakly weathered samples is 4.14, 7.39, and 12.10 MPa, respectively. Note that the errors of the uniaxial compressive strength between the numerical models and the experimental specimens are less than 4% (1.47% for the strongly weathered model, 3.07% for the moderately weathered model, and 3.42% for the weakly weathered model), so the calibration achievements can be adopted for the numerical direct shear tests. The microscopic parameters of the three types of numerical diorite-porphyrite models are listed in Table 3.


TABLE 3. Microscopic parameters of three types of numerical diorite-porphyrite samples.

[image: Table 3]Direct shear tests were performed on the numerical models under the normal stress of 0.54, 0.77, 1.53, and 2.30 MPa, respectively. To ensure that the specimens remain in a quasi-static equilibrium state, a horizontal velocity of 0.02 m/s was applied on the upper shear box, and the lower shear box was kept stationary. Bond breakage and shear stress were monitored by the history command in PFC until the shear displacement reaches 4 mm.



Analysis of the Crack Evolution Process

Figure 7 shows the morphology, the contact force chain, and the fractures of the numerical models with different degrees of weathering. The initiation, propagation, and coalescence of microcracks can be observed from Figure 7. In the figure of contact force chain, the blue color stands for the compressive force, while the red color stands for the tensile force. In the figure of fractures, the red points stand for the shear crack, while the blue points stand for the tensile crack. It can be seen that the number of microcracks decreases as the degree of weathering decreases, which indicates that the shear strength increases with the decrease of the degree of weathering.
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FIGURE 7. Failure stages of models with different degrees of weathering. (A) Strongly weathered model. (B) Moderately weathered model. (C) Weakly weathered model.


It is observed that the microcracks are initiated at around two edges of the shear boxes. The contact force chain shows that the concentration of stress occurs at the edge of the two shear boxes. The tensile cracks obviously increase with the increase of the degree of weathering. Moreover, the increased rate of the tensile crack numbers after the peak strength is obviously higher than that of shear crack numbers. At the final state, i.e., the shear displacement reaches the maximum at 4 mm, for the strongly weathered specimens, the cracks run through the upper and the lower edges of the specimen, reflecting the looseness of the rock samples. Furthermore, comparing the crack in the weakly weathered samples to that in the moderately weathered samples, the length becomes small and the number becomes reduced, reflecting the integrality of the weakly weathered rock samples.



Numerically Simulated Shear Stress–Displacement Curves

Figure 8 shows the shear stress–displacement curves of the diorite-porphyrite models with different degrees of weathering. It can be seen that the shear strength of the specimen with a specific degree of weathering generally increased with an increase in the normal stress. The shear stress curves show similar trends, with an increase up to the peak followed by a decrease to the residual stress. For the strongly weathered specimens, the shear stress–displacement curve shows a relatively flat trend under a low normal stress. Moreover, with the increase of the normal stress, the difference between the residual shear strength and the peak shear strength increases gradually. For both of the moderately weathered and the slightly weathered specimens, there are typical peak points in the shear stress–displacement curves under the different normal stresses. After the specimens were destroyed, the shear stress declined quickly to the residual stress. Moreover, it can also be observed in Figure 8 that the shear displacements at the peak strengths of the slightly weathered specimens are greater than those of the moderately weathered specimens.
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FIGURE 8. Shear stress–displacement curves of numerical models under direct shear tests.


From Figure 8, it can be seen that the shear strength of the strongly weathered models is much lower than that of the moderately weathered and the weakly weathered models regardless of the normal stress. The shape of the shear stress–displacement curve of the moderately weathered model is similar to that of the weakly weathered model under the different normal stresses. With the decrease of the degree of weathering, the shear displacement at the peak stress decreases, indicating that the stiffness of the specimen increases. After the shear failure, the residual strength changes stably in the same interval with the increase of the shear displacement, regardless of the degree of weathering.



Numerically Simulated Macro-Mechanical Parameters

Table 4 is a list of the shear strengths obtained by the numerical experiments in this research. From Table 4, it is clear that the shear strength of the diorite-porphyrites specimens with different degrees of weathering shows a similar increasing trend with the increase of the normal stress. With the decrease of the degree of weathering, the shear strength increased from 0.58, 0.77, 1.34, and 1.86 MPa to 2.76, 3.30, 4.32, and 5.00 MPa when the normal stresses are 0.54, 0.77, 1.53, and 2.30 MPa, respectively. The shear strength parameters with the different weathering numerical models are also shown in Table 4. The cohesion and the internal friction angle of the numerical strongly weathered models, the moderately weathered models, and the weakly weathered models are 0.21 MPa and 35.70° (R2 value of 0.9993), 1.62 MPa and 39.71° (R2 value of 0.9819), and 2.25 MPa and 50.99° (R2 value of 0.9694), respectively. The coefficients of determinations are all above 0.96, which show the linear relationship between the shear strength and the normal stress.


TABLE 4. Shear strength parameters of the numerical diorite-porphyrite model.

[image: Table 4]Figure 9A shows the relationship of the shear strength with the normal stress in the models of the different degrees of weathering. Figure 9B shows the cohesion and the internal friction angle of the models of the different degrees of weathering. It can be seen from Figure 9 that with the decrease of the degree of weathering, the shear strength of the specimen increases gradually, and the difference between the different grades is also approximately equal. The cohesion and the internal friction angle of the models of the different degrees of weathering increase obviously with the decrease of the degree of weathering. From the perspective of growth rate, the increase rate of the cohesion is bigger than that of the internal friction angle from the strongly weathered model to the moderately weathered model, while in the moderately weathered stage to the weakly weathered stage, the growth rate of the cohesion is smaller than that of the internal friction angle.
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FIGURE 9. Shear strength parameters of numerical models according to the Mohr–Coulomb criterion. (A) Direct shear test results and Mohr–Coulomb fits. (B) Cohesion and internal friction angle.




DISCUSSION

Figure 10 compares the status of the models of the different degrees of weathering after experiencing the shear process at the different normal stresses between the experiment and the PFC simulation. From Figure 10, it can be observed that the fracture patterns simulated by PFC2D are in good agreement with the results of the experiment.
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FIGURE 10. Crack morphology of the different weathered samples after experiencing shear process at different normal stresses. (A) Strongly weathered samples. (B) Moderately weathered samples. (C) Weakly weathered samples.


A major failure surface and a secondary failure surface can be observed in each model. With the decrease of the degree of weathering, the failure surfaces become obvious gradually. Meanwhile, with the increase of the normal stress, the secondary failure surfaces become obvious. Under the same normal force, the length of the fracture becomes shorter when the degree of weathering weakens, which indicates the integrity of the rock sample. Due to the calcite fracture surface in the natural rock mass, there are some tiny shear failure surfaces in the natural models, which reduce the shear strength of the natural diorite-porphyrite models.

Based on Figure 10, we can conclude that the agreement between the experiment and the numerical simulations is impressive. It reflects the failure behavior of the weathered diorite-porphyrite sample in the direct shear test appropriately. To better understand the mechanical properties of the weathered diorite-porphyrite samples, typical types of shear stress–displacement curves were summarized from all of the 72 shear stress–displacement curves in the experimental and the numerical tests, which are shown in Figure 11.
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FIGURE 11. Classification of the shear stress–displacement curves. (A) Process for determining the type of curve. (B) Three types of the shear stress–displacement curve.


Figure 11A shows the process of determining the typical curves of the shear stress versus the shear displacement for the experimental tests and the numerical simulations. For the shear stress–displacement curve, there are three basic features. The first feature is the gradient of the pre-peak stage, which represents the modulus of the material. The second feature is the peak stress, which represents the shear strength of the rock. The third feature is the steepness of the descending portion of the curve, which is a measure of the brittleness. Based on the three features, the shear stress–displacement curves of the diorite-porphyrite samples with different degrees of weathering, under various normal stresses, can be divided into three types:


(1)Type A – As shown in Figure 11B, there is no obvious peak value in this type of curve. The significant curve of this type is observed from the strongly weathered samples when the normal stress is relatively low (as shown in Figures 5, 8). When the normal stress is 0.54 MPa, the whole curve is relatively smoother; the residual shear strength is similar to the peak shear strength.

(2)Type B – As shown in Figure 11B, there is a peak in this type of curve, but not as conspicuous as the one in type C. This type of curve can be defined as an inconspicuous peak curve due to the step curve after reaching the peak stress. The difference between the residual strength and the peak strength is bigger than type A but less than type C.

(3)Type C – This type of curve is a common one of the shear stress–displacement curve, which can be observed in the three types of weathering samples, especially in the weakly weathered and the moderately weathered samples. As shown in Figure 11B, a significant peak is observed in this type of curve as a consequence of shearing off; the shear stress reduced rapidly to the residual strength.



For the strongly weathered diorite-porphyrite samples, the shear stress–displacement curves are mostly of type A. When the normal stress is small, the shape of type A is typical. As the normal stress increases, the curve changes to type B. That is to say, when the strongly weathered sample is under a big normal stress, the decrease of the shear stress becomes bigger in the post-peak stage.

For the moderately weathered diorite-porphyrite samples, the shear stress–displacement curves are mostly of type B. The difference between the peak strength and the residual strength of the moderately weathered samples is larger than that of the strongly weathered samples, whether the normal stress is high or low. After the shear failure of the specimen, the shear stress decreases significantly, and the rate of decline is very large, especially in the case of the high normal stress.

For the weakly weathered diorite-porphyrite samples, most of the shear stress–displacement curves belong to type C. In the initial stage, the rock sample is in the elastic stage; with the increase in the shear displacement, the shear stress increases, and the increase rate gradually grows. The shear stress decreases obviously as the shear displacement increases in the post-peak stage. In the residual strength stage, the shear stress remains stable at a lower level.



CONCLUSION

The aim of the present study was to provide an analysis of the mechanical properties of the diorite-porphyrite samples with different degrees of weathering under the direct shear test. For that purpose, comparisons of mechanical properties and failure modes between the specimens with different degrees of weathering are made. The following conclusions were drawn from the experimental and the numerical results:


(1)At the micrometer scale, the diorite-porphyrite samples gathered from Jurong pumped storage power station are mainly constituted of quartz, feldspar, calcite, dolomite, chlorite, mica, and pyrite. Weathering has changed the chemical composition of the diorite-porphyrite samples. The unaltered diorite-porphyrite contains Na2O, while the altered diorite-porphyrite does not.

(2)The shear stress–displacement curve of the strongly weathered, the moderately weathered, and the weakly weathered samples can be summarized into three types: exponential curve (type A), non-obvious peak curve (type B), and obvious peak curve (type C). Moreover, the post-peak shear stress of type C falls faster to the residual stress than the shear stress of type B.

(3)With the same degree of weathering, the shear stress increases as the normal stress increases from 0.54 to 2.30 MPa. Moreover, there is a significant fluctuation in the shear stress–displacement curve when the normal stress is relatively high. For the strongly weathered diorite-porphyrite, the type of shear stress–displacement curve is the exponential curve (type A). The shear stress–displacement curve for the moderately weathered diorite-porphyrite can be divided into the non-obvious peak curve (type B) and the obvious peak curve (type C). Moreover, the obvious peak curve (type C) could effectively fit the shear stress–displacement curve of the weakly weathered diorite-porphyrite.

(4)Based on the experimental tests, the DEM model of the diorite-porphyrite specimen is established by the particle flow code 2D (PFC2D) to obtain a set of microparameters which can effectively simulate the weathering diorite-porphyrite. The simulation results show a good agreement with the experimental results. As the degree of weathering weakened, the cohesion and the internal friction angle became larger. Affected by rock mass heterogeneity, the fluctuation of the test results is more significant than the numerical results for the same samples under the same normal stress.



This experiment has yielded some conclusions on the mechanical response of diorite-porphyrite with different degrees of weathering, and a set of microparameters which can simulate the mechanical property of weathering diorite-porphyrite in PFC2D has been obtained; it would be useful when simulating the weathering diorite-porphyrite for engineering analysis in the future.
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In order to study the effects of stress and water pressure on the permeability of fractured sandstone, an ultra-deep gas layer of fractured tight sandstone in WengFu Mine in GuiZhou province, was selected for experimental design and research, and the effects of confining pressure, internal pressure, effective stress, and water pressure on gas permeability were studied. The results show that the effective stress and slippage effect compete with each other when the confining pressure is kept fixed and the internal pressure is increased in the fractured tight sandstone reservoir. At the beginning of the experiment, the gas slippage effect is strong while the rock stress sensitivity is weak. The gas permeability increasingly decreases with the increase of internal pressure. The effective stress is stronger than slippage effect, and the gas permeability increases with the increase of internal pressure when crossing the low point of permeability. The greater the confining pressure is, the greater the internal pressure needed to reach the low permeability point will be. With the increase of axial stress, horizontal contact hydraulic hole increasingly closed. Horizontal hydraulic holes are more sensitive to axial stress than vertical ones.

Keywords: fractured sandstone, stress, the water pressure, gas permeability, the response surface method


INTRODUCTION

Tight sandstone gas is considered unconventional gas in general conditions, but it can also be considered conventional gas for extracting when the burial depth is shallow and the mining conditions are good (Gao et al., 2010). Compared with coalbed methane and shale gas, China is far ahead in the development of tight gas. Although China has abundant reserves of tight gas resources, the abundance of tight sandstone gas reserves is low, the rate of production decline is quite fast, and economic development is difficult. The tight sandstone gas reservoir in China not only contains the general characteristics of the continental associated clastic rock reservoir, but also has the engineering geological characteristics of low porosity and low permeability, fracture, local water saturation, high capillary pressure, abnormal formation pressure, high damage potential, and so on. After years of unremitting efforts, China has developed a series of technologies for shielding and blocking of fractured tight sandstone gas reservoirs, technologies for gas drilling and complete underbalanced completion protection, and the latest gas drilling horizontal well-development technology for tight sandstone gas reservoirs etc., which greatly promoted the survey and development process of a number of tight sandstone gas fields in the Sichuan Basin, such as Xinchang, Luodai, Bajiaochang, Yuxi, Ordos Basin, Yulin, and Daniudi (Xiang et al., 2019).

As a kind of important unconventional reservoirs, fractured tight sandstone gas reservoirs have attracted increasing attention due to their considerable productivity and high economic benefits (Li et al., 2018). The gas permeability of fractured tight sandstone reservoirs is dynamic permeability, which changes with the change of environmental pressure, and it is an important reservoir parameter that impacts the exploitation of tight sandstone gas (Yang et al., 2012). Since the main space and seepage channel of gas in fractured tight sandstone reservoirs are micro-nano pores and fractures, compared with conventional reservoirs, there are obvious gas slippage effect (You et al., 2018). In addition, due to the extensive development of fractures, reservoirs usually have strong stress sensitivity (Benjamin et al., 2019), which makes the mechanism of gas permeability change with pressure complicated.

Since the 20th century, domestic and foreign scholars have made rich achievements in studying the relationship between the slippage effect of unconventional gas and the effective stress. A great number of methods have been used to study rock permeability, including field measurement, triaxial seepage experiment, and numerical simulation. It is usually reliable to measure the rock permeability on the scene. However, because of the complexity of the geological environment, repeated mining interference and the expensive testing required, these methods are not widely used. Instead, most rock samples are tested for permeability in the laboratory. In the past few years, the permeability evolution of rock in stress-strain process has been widely studied. Zhao et al. studied the rheological fracture behavior of rock fractures through a series of calculations and analyses of crack rheological fractures under different water pressure, and proposed the equivalent boggs model of rock fracture rheological fracture, laying a foundation for revealing the rheological characteristics of fractured rock under the combined action of water pressure and stress (Zhao et al., 2017b, 2018, 2019). Zhao et al. demonstrated the mechanical and permeability characteristics of fractured limestone in the complete stress-strain process by using water-mechanical coupling tests under different differential pressure and steady pressure, and verified the effectiveness of the mohr-coulomb yield criterion considering the effective stress effect under hydrodynamic coupling conditions (Zhao et al., 2016). Zhao et al. conducted transient pulse tests on single rock fractures under different pressures, and found that both mechanical and hydraulic apertures decreased with the increase of pressure, and proposed a data analysis method based on polynomial fitting to study the relationship between flow velocity and hydraulic gradient (Zhao et al., 2017c). Zhao Yanlin and Fu Chengcheng, etc., when studying the mechanical and permeability characteristics of fractured limestone during the full stress-strain process, performed hydraulic-hydraulic coupling tests on fractured limestone under different combinations of osmotic pressure and confining pressure. The existence of pressure reduces the strength and deformation modulus of fissured limestone to varying degrees, and intensifies its lateral deformation (Zhao et al., 2017a). Lin et al. verified the stress field of the crack tip under compressive and shear conditions, determined the formula of the compressive stress field of the open crack tip, and deduced the relationship between the crack initiation angle at the crack tip and the pretilt crack inclination angle. The scale effects of joint shear and cyclic freeze-thaw on the mechanical properties of non-persistent joint shear are studied. The method for determining the constitutive relationship parameters and the change rule with scale are discussed (Chen and Lin, 2019; Lei et al., 2019; Lin et al., 2019,a,b). Zhu and Wong (1997) conducted a triaxial seepage experiment on porous sandstone and analyzed the influence of stress and failure mode on the axial permeability of sandstone. The results show that permeability is highly correlated with stress. Wang and Park (2002) studied the permeability evolution in the whole stress-strain process and found that the permeability decreased with the increase of stress before reaching the peak strength. Worthington (2008) analyzed the relationship between axial permeability and effective stress of samples and determined that the relationship between the two could be described by cubic polynomial functions. Davies et al. (1999) studied the permeability stress sensitivity characteristics of different cores. The results show that the greater the porosity and permeability of sandstone core are, the smaller the permeability of cemented rock will be, and the greater the pressure sensitivity is. Wu et al. (2005) conducted CT scanning to observe the sandstone in real time by permaling-stress coupling, and studied the relationship between porosity and permeability. They found that the permeability increased as the appearance of microcracks and peaked after the macroscopic failure. Yu et al. (2013) conducted a triaxial test of rocks with different confining pressures and osmotic pressures, and determined the permeability curve to prove three trends: increase, flatness and decrease. Baghbanan and Jing (2007) used discrete fracture network models and trace length of various sizes to simulate the effects of fracture aperture and trace length on the permeability of fractured rocks. Wang (2000) analyzed the seepage-stress coupling process by analyzing the fracture network model and the discrete element method, and combined the seepage of the rock mass to establish a seepage-stress coupling model. Jing et al. (2001) studied the coupling deformation analysis of rock mass and discontinuous rock mass during the process of seepage stress excavation. Blessent et al. (2009) used a combination of geological modeling and numerical modeling to calculate fractured rock masses in 3D seepage fields. Guglielmi et al. (2008), respectively, studied the seepage-stress coupling of numerical boundary elements, discrete element and continuous element methods, and established discrete element numerical coupling models for fluid mechanics.

The relationship between volume change and permeability is very close. Ord (1990) showed that the increase of expansion rate or volume indicated the increase of porosity, therefore, the permeability increases the possibility of fluid flow with the increase of porosity. This interaction can also be conceptually summarized as the permeability caused by expansion. Understanding the interaction between volume change and permeability in rock mass has become a broadly used tool in geological engineering to ensure the stability of underground structures, assess geological carbon stocks or natural resource exploration, and predict rockburst and seismicity. Lots of studies have researched the interaction between deformation and fluid flow by using experimental methods or numerical models (Hakan, 2009). In this study, the interaction between physical properties, pore pressure, and bedding anisotropy was assessed to describe the interaction between permeability evolution and volume change.

Firstly, the volume change (or volume strain) of a compressed rock is a continual process with continual deformation phases, which are divided into regions of volume reduction (compression) or volume increase (expansion). In a word, the process of volume change starts with fracture closure and elastic compression, followed by the collapse of pore structure and the increase of microcrack density. The point of turnover between the compaction and expansion stages is often referred as the expansion boundary. Due to the disturbance of the original stress distribution, the expansion boundary of rock depends on its mechanical and hydraulic characteristics. Geological environment, temperature and time are also important factors for expansionary development. With the increase of steam and gas pressure, the expansion rate tends to increase with the increase of temperature, which will increase the tensile stress at the crack tip and facilitate the crack opening. The time-varying effect is characterized by a significant static quiescent period, resulting in a sudden energy release and pressure drop (Li et al., 2017; Liu et al., 2019).

During fault slip events, mechanical expansion leads to the creation of pores, which vary widely in fault zones, depending on rock type and rheology, stress state, displacement and so on. Many scholars have carried out research on rock permeability. Oda et al. (2002) used the transient pulse method to conduct permeability tests on the damaged granite samples, and concluded that, despite the preferred growth of cracks, rocks under stress can be roughly idealized into isotropic porous media. Mitchell and Faulkner (2008) studied the permeability evolution of two complete low-porosity crystalline rocks through conventional triaxial deformation experiments, and continuously monitored the permeability and pore volume. They proposed a positive correlation between permeability and strain, in which the permeability increased with different stresses and strains until the stress decreased by two order of magnitude. The interaction between swelling anisotropy and permeability may also be significantly affected by planar anisotropic rock fabrics. Naumann et al. (Marcel et al., 2007) conducted a true triaxial compression test to detect the expansion of clay cube samples with two different bedding directions. They point out that short-term strength and expansion are directional. However, the failure strength has a more obvious anisotropic mechanical response than the dilatancy behavior.

For this reason, this paper adopts the method that from low pressure to high pressure environment to conduct experimental research on non-steady-state method of high-pressure helium gas permeability measurement for the first time, and further discusses the slippage effect and effective stress of fractured tight sandstone reservoir permeability comprehensive control effect, which provides a new understanding for the study of mechanism of fractured tight sandstone gas reservoir permeability change. At the same time, it also has a certain practical guiding significance for predicting and improving gas reservoir of the gas production.



MATERIALS AND METHODS


Experimental Samples

The samples were derived from the ultra-deep fractured tight sandstone gas layer which depths 4,525 m in the Wongfu Mine area of Guizhou province, and the samples were cylindrical samples with a length of 100 mm and a diameter of 50 mm. There were 10 groups, which were washed with oil and dried at 150°C. The experimental sample is shown in Figure 1. The sample parameters and number are shown in Table 1.


[image: Figure 1]
FIGURE 1. Sandstone sample.



Table 1. Sample parameters and number.

[image: Table 1]



Permeability Measurement

Permeability is an inherent property of porous media materials, and it is a mark to measure the difficulty of sandstone gas flow. Measuring sandstone permeability has important guiding significance for the development of tight sandstone gas. Permeability is evaluated based on laminar flow state and hydraulic head. The flow rate at a point is defined as the volume of fluid(q) passing through the unit area per unit time (A) and is proportional to the pore pressure gradient at that point. The effect of pressure gradients in samples is known, and it is difficult to measure the gradients under triaxial test conditions, especially to express this change with an equation. Therefore, the permeability of hydraulic coefficient should be taken into cautiously consideration. This paper uses the Darcy formula to measure permeability using the steady state method, that is:

[image: image]

q is the flow through the rock at a pressure difference of Δp, cm3/s; A is the cross-sectional area of the rock, cm2; l is the contact length between the rocks, cm; μ is the viscosity of the fluid passing through the rock, mPa·s; Δp is the pressure difference before and after the fluid passes through the rock, atm; K is the proportionality coefficient, which is called the absolute permeability of the porous medium.



Model Application

The sandstone permeability test experimental simulation model is shown in Figure 2, For a single fracture, where a is the crack width (pore diameter), b is the empirical coefficient, μ is the viscosity of the fluid, l is the contact length between domains, and Δp is the pressure between domains. The flow q1 can be obtained from the Poiseulle equation:

[image: image]


[image: Figure 2]
FIGURE 2. Simulation process.


For n fractures, the cross-sectional area of the rock is A, and the flow qn can be determined by the following equation:

[image: image]

Comparing Equations (1) with (3), the following equation can be obtained:
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Considering [image: image], (6) can be showed as:

[image: image]
 

Measurement of Sandstone Gas Permeability

This experiment mainly uses a nitrogen bottle, a pressure gauge, an intermediate container, a core holder, and a flow meter to measure the gas permeability of a sandstone sample. The experimental flow chart is shown in Figure 3. The gas source is supplied by a high-pressure nitrogen bottle. After the pressure reducing valve and the constant flow device, the upstream pressure remains stable. When the gas passes through the core of the sandstone sample, a certain pressure difference is generated at both ends of the core. After the airflow is stable, the pressure at both ends of the core and the export flow is measured. It can be calculated by the following formula:

[image: image]
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K is the gas permeability, μm2; Q0 is the gas flow at the core outlet end, cm3/s; L is the core length, cm; A is the cross-sectional area of the core, cm2; P0 is the absolute atmospheric pressure, MPa; P1 is the absolute core inlet end Pressure, MPa; P2 is the absolute pressure at the outlet end of the core, MPa; μ is the viscosity of the gas at the experimental temperature and atmospheric pressure, mPa·s.


[image: Figure 3]
FIGURE 3. Flow chart of permeability measurement experiment.





RESULTS AND DISCUSSION

The response surface method uses a series of deterministic experiments to approximate the implicit limit state function with a polynomial function, which can greatly reduce the number of experiments, improve the efficiency of the experiment, and explore the relationship between multiple input variables and dependent variables. In this paper, Design-Expert 8.0.6 software is used to compare and analyze the change law of gas permeability under the interaction of water pressure, effective stress, confining pressure, and internal pressure.


Effect of Effective Stress on Gas Permeability

As is shown in the Figure 4 that when the axial stress is 0–10 MPa, the osmotic pressure plays a major role, while the role of the axial pressure is not clear. When the axial stress is 10–20 MPa, the flow rate drops quickly, as many horizontal contact hydraulic orifices begin to reach residual values and some seepage channels are closed.


[image: Figure 4]
FIGURE 4. Surface of permeability (10−3 μm2) vs. effective pressure and water pressure.


It can be seen from Figure 5 that when the effective stress value is maintained at 10, 20, and 30 MPa, respectively, when the internal pressure increases, the gas permeability value decreases as the internal pressure increases. When the limiting stress is <10 MPa, the flow rate change curve can be divided into three stages: the descending stage (axial stress is 5–10 MPa), the sharp descending stage (axial stress is 10–25 MPa), and the steady state stage (axial stress is 25–30 MPa). When the confining pressure is 10–20 MPa, the contact hydraulic hole is reduced. The reseason is that in the fractured tight sandstone reservoir, the effective stress maintains constant, the matrix pores and fractures under the same pressure, and the reservoir space remains unchanged. At this time, the effective stress does not have any effect on gas permeability, and it also rules out the change of slippage effect which was caused by the pore throat radius and the crack opening these two factors, and the slippage effect is only affected by internal pressure.


[image: Figure 5]
FIGURE 5. Surface of permeability (10−3 μm2) vs. effective pressure and confining pressure.




Effect of Confining Pressure on Gas Permeability

Figures 6, 7 show that: keeping the internal pressure constant, gradually increasing the confining pressure, and continuously increasing the effective stress, the gas permeability gradually decreases with the increase of the effective stress. According to the Klinkenberg slippage effect formula, when the internal pressure is constant, the influence of pressure on gas slippage effect is eliminated. At this time, slippage effect is only affected by the change of pore throat radius and fracture opening caused by the change of effective stress. With the increase of effective stress, the compaction of pores and fractures becomes stronger, the reservoir space becomes smaller, the radius of pore throat and fracture opening decrease, and the slippage effect increases, resulting in the increase of gas permeability. The increase of effective stress will cause the gradual decrease of gas permeability, and the two will compete with each other. The effective stress changes from large to small, and the damage to the pore structure is irreversible, and the loss of gas permeability is large. While the effective stress changes from small to large, the destruction of pore structure is progressive, and the loss of gas permeability is relatively small.


[image: Figure 6]
FIGURE 6. Surface of permeability (10−3 μm2) vs. water pressure and confining pressure.
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FIGURE 7. Surface of permeability (10−3μm2) vs. effective pressure and internal pressure.




Variation of the Influence of Internal Pressure on Gas Permeability

It can be seen from Figure 8 that when the confining pressure remains constant and the internal pressure continues to increase, in the process of the effective stress decreasing: the opening of the fracture and the radius of the pore throat gradually increase with the reduction of the effective stress and pressure relief, thus resulting in the increase of gas permeability. However, the increase of pore throat radius, crack opening and the increase of internal pressure leads to the decrease of gas slippage effect and the decrease of gas permeability. The two compete with each other and affect the gas permeability of the fractured tight sandstone samples. At the beginning of the experiment, the slippage effect is stronger than the effective stress, Slippage effect is stronger than the effective stress. The apparent permeability value of the gas gradually decreases with the increase of the internal pressure. When the gas permeability reached a low value, the effective stress will be stronger than slippage effect, thus making the increase of absolute permeability be dominant, while the weakening of slippage effect becomes unimportant, and the permeability of the gas value is gradually increasing with the increase of the internal pressure.


[image: Figure 8]
FIGURE 8. Surface of permeability (10−3 μm2) vs. confining pressure and internal pressure.




Effect of Water Pressure on Gas Permeability

In this study, a coupling model was used to research the effect of water pressure on gas permeability. The model provides information on the effects of pressure and water pressure changes on permeability of fractured sandstone (Figure 9). The results show that the horizontal contact hydraulic hole gradually closes with the increase of axial stress. Horizontal hydraulic holes are more sensitive to axial stress than vertical ones. The pore size and pore structure of the fracture exert the main control over the pressure sensitivity, and the main seepage channels also affect the seepage characteristics, and there is a non-linear relationship.


[image: Figure 9]
FIGURE 9. Surface of permeability (10−3 μm2) vs. water pressure and internal pressure.





CONCLUSION

An ultra-deep fractured tight sandstone gas layer from Wengfu mine in Guizhou province was selected for experimental design and study, and the effects of confining pressure, internal pressure, effective stress, and water pressure on gas permeability were investigated. The results show that in the fractured tight sandstone reservoir, keeping the confining pressure constant and constantly increasing the internal pressure, the effective stress and slippage effect compete with each other. At the beginning of the experiment, the gas slippage effect was strong while the rock stress sensitivity was relatively weak, and the gas permeability gradually decreased with the increase of internal pressure. When crossing the low point of permeability, the effective stress is stronger than slippage effect, and the gas permeability increases with the increase of internal pressure. The greater the confining pressure is, the greater the internal pressure needed to reach the low permeability point will be. With axial stress increasing, horizontal contact hydraulic hole increasingly closed. Horizontal hydraulic holes are more sensitive to axial stress than vertical ones. The damage which caused by the effective stress changing from large to small to the pore structure is irreversible, and the loss of gas permeability is large. However, the effective stress changes from small to large, and the destruction of pore structure is progressive, the loss of gas permeability is relatively small.
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As high mine-cooling costs have become a restriction for deep mining, a new cooling method has been proposed. In the area of filling mining, the CPB (cemented paste backfill) was given the cooling function by mixing it with phase change material (PCM). In deep mines, the PCM (e.g., ice particles) absorb heat and change phases to cool the surrounding environment. A deep-mine-cooling mode based on the new CPB and upward sublevel filling method was designed, and the characteristics of the phase change were analyzed by numerical simulation. From the simulation results of the cooling period, this cooling method was effective during the whole stopes mining period. The CLS (cold load and storage) CPB mass concentration and the PCM initial proportion are the important factors controlling the cooling effect. It is concluded that the phase change duration decreased with the increasing mass concentration, while it increased with the increasing initial proportion of ice to water. Note that the thickness of CLS-functional CPB should be as small as possible to ensure the cold release rate. This study provides a theoretical foundation of heat transfer for the design and implementation of deep mine cooling by applying CLS-functional CPB.
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HIGHLIGHTS


- The phase change of CLS functional CPB in deep mines was investigated numerically.

- The heat conduction model compound with hydration-porous-enthalpy model was applied.

- The phase change and heat transfer law of CLS functional CPB was investigated.

- The main influencing factors were analyzed and suggestions for engineering were presented.





INTRODUCTION

The high geothermal environment in deep mines is one of the constraints in mining and is as important as high ground pressure and high seepage pressure (Guo et al., 2017; Yang et al., 2017; Zhang et al., 2018; Lin et al., 2019a). At present, more than 150 1000 m-plus deep mines exist in the world (Xie, 2017). According to the statistics, the average geothermal gradient is 2.5∼4.0°C/100 m, even up to 7°C/100 m (Guo, 2010; Cui et al., 2018). At high geothermal temperatures, many threats stand out, such as soft rock mass, shortened equipment service life, increased accident rate and decreased labor efficiencies (Feng et al., 2017; Belle and Biffi, 2018; Wang Y. et al., 2019). These heat hazards became the obstacles for deep mining and thus cooling techniques and effects have significant meaning for deep mining (Cai and Brown, 2017; Ryan and Euler, 2017; Pretorius et al., 2019).

Many cooling techniques were applied for solving the high geothermal environment problem (Plessis et al., 2015; Feng et al., 2018; Crawford et al., 2019). These cooling techniques were basically classified into three types: ventilation, natural cooling, and manual refrigeration. Mine ventilation was used for dust control, fire, and explosion prevention and air cooling. The integrated factors limit the range of air velocity (Brune, 2019). Therefore, the cooling potential of ventilation was constrained, and it was not suitable for deep mines with high geothermal conditions (Ghoreishi-Madiseh et al., 2017). Natural cooling resources mainly referred to cold mine water (Chen et al., 2018) and seasonal stored ice (Shi et al., 2011; Bu et al., 2015). The application of natural cooling resources has good performance on energy conservation. However, it is overly reliant on environmental conditions and thus is not universal (He and Xu, 2008; He and Guo, 2013). To date, for deep mines, few natural cooling resources can be used. Manual refrigeration was the most widely used method (Van der Walt and De Kock, 1984; Wilson, 2008; du Plessis et al., 2013). However, the power consumption of mining cooling systems was up to 25% of the total mining power consumption (Plessis et al., 2015), and the cooling cost of manual refrigeration increased with the depth of the mine (Trapania et al., 2016). Considering the mining cooling cost, the upper mining depth limit is located at approximately 3000 m. The evolution of deep mine cooling requires breakthroughs in the cooling methods that differ from ordinary cooling methods and combine with the mining characteristics.

To solve the balance of the cooling effect and cost of deep mines, the concept of applying phase change materials (PCMs) and mixing it with cemented paste backfill (CPB) slurry was proposed. The mixture was named CLS (cold load and storage)-functional CPB and is suitable for cooling deep mines that practice filling mining (Wang et al., 2018). In filling mining, the backfill slurry was surveyed to gob and then the backfill was formed. The volume of the backfill was hundreds of thousands of cubic meters. Using the large CLS-functional CPB could be sufficient for cooling stopes; however, the phase change and heat transfer characteristics of the new CPB are unknown, which is the critical issue for the implementation of this technology. Relevant researches provided valuable references for this paper. The interfacial tracing method had been applied on calculating the freezing and thawing problem of rock (Shen et al., 2016) which solve the heat transfer of melting process of rock. The strength of the rock and CPB were studied by many researchers (Zhao et al., 2016; Lin et al., 2019b, c; Wu et al., 2019; Liu et al., 2020), especially, the case of CPB with ice slag (Liu et al., 2019b). From the experimental researches, the CPB with ice slag was strengthened under proper ratio which proved the feasibility from the aspect of strength. As for the rheological aspect, models were built for calculating the hydraulic pressure drop (Zhao et al., 2018, 2019). Liu studied the rheological characteristics of CPB with ice particles based on experiment and numerical calculation and the model of hydraulic characteristics of ICPB was obtained (Liu et al., 2019a).

Our previous work researched the heat transfer characteristics of the mixture of CPB slurry and PCMs in a cubic test box of 15 cm in length by numerical simulation and experimental research (Wang M. et al., 2019). An enthalpy-porosity-hydration model was verified by experiments for simulating the heat transfer of the new CPB. This is meaningful for mastering the calculation of this new mixture material. The literature (Wang et al., 2018) proposed the concept of CLS-functional CPB and indicated that it could provide cold regulation in deep mines but did not involve the calculation of the heat transfer of the cooling process. Heat transfer calculation research of this new CPB material was carried out, but it was launched in a small test box in the laboratory. Based on these two works, the deep mining environment was considered, and the CLS-functional CPB was simulated to determine the cooling process and effect of the new CPB in this study.



SYSTEM DESIGN AND COOLING PROCESS

The CLS-functional CPB cooling process relates to the mining method. In the filling mining method, a sublevel filling method is the usual approach and thus was taken as an example for simulation. Figure 1 shows the working period of CLS-functional CPB, which applies in an upward sublevel filling method. When a stope layer is mined completely, it changes to a gob layer and is filled with CPB slurry. In the filling process, the ordinary CPB slurry is filled first, and then the CLS-functional CPB is filled. The two-step filling method is better than only filling with CLS-functional CPB for two reasons. First, the heat transfer is strengthened as proved by the simulation research owing to the smaller heat transfer resistance. Second, it is flexible in supplying different cooling capacities by adjusting the ratio of CLS-functional CPB to ordinary CPB. When the two kinds of CPB slurry are filled, the stope is cooled by the cold radiation of its ground. For cold preservation, an insulating layer was considered to be set between the two kinds of CPB. With the mining progress of the stope, the cold release lasted until one layer was mined completely and changed to a new gob.


[image: image]

FIGURE 1. The working period of CLS backfill applied in upward sublevel filling method. (A) Before filling. (B) Cold releasing. (C) Cold fully released.


The thermal environment of CLS-functional CPB is shown in Figure 2. There are two kinds of cold sources and four kinds for heat sources: Ql, PCM fusion latent cold of the CLS-functional CPB; Qs, sensible cold of the CLS-functional CPB; Qcond, and Qrad, heat transferred from the ore body to CLS-functional CPB by heat conduction and radiation; Qconv, heat transferred from the stope to CLS-functional CPB by heat convection; and Qhyd, hydration heat produced in the CLS-functional CPB. The total thermal equilibrium equation was given as follows:


[image: image]

FIGURE 2. The total thermal equilibrium diagram of CLS functional CPB cooling.


[image: image]

As CLS-functional CPB absorbs heat from the environment, the PCM changed phase, and the temperature of the CLS-functional CPB gradually rose to match its surroundings. The heat transfer characteristics of the cooling period are critical for the stope cooling effect. Therefore, we focused on the heat transfer and phase change of CLS-functional CPB in deep mines and applied an enthalpy-porosity-hydration heat transfer model for research. Furthermore, the strength and the grouting transport characteristics should be studied (Emad et al., 2018; Qi et al., 2018) to support this research and engineering design in subsequent studies.



PHYSICAL MODEL


Geometry and Boundary Conditions

The CLS-functional CPB absorbs heat from the environment as Figure 2 shows. The geometry size of this 2D model of CLS-functional CPB is 20 m × 3 m. In this case, we took the half of the CLS-functional CPB as the research object because of its symmetry. The geometry model is indicated in Figure 3, and the region ABCD is the computational domain.


[image: image]

FIGURE 3. Physical model of CLS functional CPB. (A) Geometry model, (B) Boundary conditions.


The heat transfer on the boundary of CPB relates to the cooling effect and is analyzed herein. Interface AB absorbs heat from the ordinary CPB below by heat conductance. Owing to the insulating layer, the temperature influence region of upper CLS-functional CPB to lower CPB is from AB with a small thickness of δB downward. The equivalent thermal conductivity of this region is λB. The boundary temperature of this influenced region is TB. Interface BC absorbs heat from the surrounding rock on the right side by heat conductance. The temperature influence region of CPB to rock is from BC, with a rightward thickness of δS. The equivalent thermal conductivity of this region is λS, and the boundary temperature of the influenced region is TS. Interface CD absorbs heat from the stope above through radiation and heat convection. The temperature of air in the stope is TG, the heat convection coefficient between the air and interface CD is hG, and the emissivity of interface CD is εG. Interface DA is a symmetric interface and is treated as adiabatic. From the analysis above, the four boundary conditions are described as follows:


AB: [image: image]

BC: [image: image]

CD: [image: image]

AD: [image: image]





Governing Equations

In the computational domain, the temperature distribution variation is mainly caused by three reasons: phase change, heat conduction, and hydration reaction. For simulation, some secondary factors were neglected and the assumptions below were proposed:


1. There is no natural convection occurring in the backfill because the mass concentration of the backfill is high.

2. The seepage of the backfill is neglected.

3. The thermal physical properties of materials are isotropic.

4. The cooling regions of nearby rock and the CPB below are constant.



For the above analysis, the main governing equation is a 2-D, unsteady state heat conduction equation as follows:

[image: image]

where, the heat conductance λeff is the average volume weight heat conductance value of all the CPB material. The source item [image: image] is the heat production rate by the hydration reaction, which is relevant to curing time and temperature. The initial temperature of CPB was low, and an equation was adopted from Wang’s research for Qhyd under low temperature conditions (T < 286 K) (Wang et al., 2015). When substantial cold released and the temperature rose, another equation was adopted from the literature (Zhu, 2012) for Qhyd under normal temperature conditions (T ≥ 286 K). Equation (3) was concluded from the literature to calculate hydration heat. The total hydration heat of ordinary Portland cement Q0 is 430 kJ/kg. For simulating the mixed state of CPB, a porous medium model was applied, and the parameters ϕ and α are the porosity and the liquid fraction in pores, respectively. For simulating the phase change process, the enthalpy method and VOF method were applied. This model was verified in our previous study simulating the new CPB material and experimental tests (Wang M. et al., 2019).

[image: image]



Calculating Parameters

There are several parameters applied in the calculation, which fall into four categories: physical parameters of materials in CLS-functional CPB (shown in Table 1), proportions of main materials (shown in Table 2), physical parameters of materials surrounding materials (shown in Table 3) and thermal calculating parameters (shown in Table 4). The proportion of the CLS-functional CPB influenced the transport properties, thermal performance and the strength of CPB. Considering the factors above, the material of CPB was designed as the ratio of waste stone to tailings 6:4, the ratio of cement to solid waste 1:8, the mass concentration varying from 66.1% to 78.4%, and the ratio of ice to water varying from 3:1 to 1:3.


TABLE 1. Physical parameter of materials in CLS functional CPB.

[image: Table 1]
TABLE 2. Proportions of main materials in CLS functional CPB.

[image: Table 2]
TABLE 3. Physical parameters of surrounding materials.

[image: Table 3]
TABLE 4. Thermal calculating parameters.

[image: Table 4]


Computational Mesh

There are 30000 quad meshes in the simulation. Refined grids are utilized near the boundary. The mesh refinement factors are 1.008 in the -x direction and 1.008 in z and –z directions. The computational mesh was checked by grid independence.



SIMULATION RESULTS AND DISCUSSION

Whether the stope nearby could be cooled through the whole mining period was influenced by the cooling capacity and cold release velocity. The initial proportion of ice to water, Ω, and mass concentration, C, are the two key factors relating to the cooling capacity. Numerical simulation research was studied to obtain the influence law of these two factors.


The Influence of Initial Proportion of Ice to Water

With the increase in the initial proportion of ice to water, the cooling capacity increases and the cooling period can be prolonged. Under the same mass concentration conditions (C = 72.8%), 5 group simulations with different initial proportions of ice to water were studied. From Figure 4, the temperature distributions of CLS-functional CPB showed that the cold concentrated in the lower boundary. For preserving cold capacity, the lower and right boundaries were covered with insulation layers so that the more effective cold could be transferred to the upper stope. As the insulation layer exited, heat concentrated in the upper right corner.


[image: image]

FIGURE 4. Temperature distributions of CLS-functional CPB under different initial proportions of ice to water.


In the CLS-functional CPB, the temperature of the upper layer first increased and the cold-release velocity from CPB to the upper stope slowed due to the increased heat resistance. This heat transfer characteristic was adverse for cold release. Considering this problem, the thickness of CLS-functional CPB should be designed as thin as possible under the cold capacity condition meeting the cold requirement of the stope, so that the heat conductance resistance would not be very high and the cold could release quickly.

Comparing the temperature distribution results under different proportions of ice to water, it was clear that the distributions varied considerably during the cold releasing process, even by the 18th day. At the 18th day, under the Ω = 3:1 condition, the surface temperature was low enough for cooling the stope, while under the Ω = 1:3 condition, the temperature difference between the environment and surface was smaller, which clearly weakens the cooling effect. This revealed that the proportion of ice to water, Ω, is a very important parameter influencing the cooling effect. According to the cold capacity and mining period of the stope, the Ω could be designed by numerical prediction in mining engineering.

The liquid ratio α is the ratio of liquid volume to total volume of liquid (water) and solid (ice). This ratio changed with the cold releasing process from the initial value to 1. At α = 1, all the ice particles melted. To study the phase change characteristics, Figure 5 was presented to show the liquid distribution in CPB. To facilitate the comparison of temperature distributions, these simulations are under the same conditions as shown in Figure 4. Figure 5 shows that the melt region developed from boundary to core. Owing to the insulating layer, the location of the ice center was at the lower part of the CPB. With smaller values of Ω, the phase changed faster. Under the Ω = 1:3 condition, most of the ice melted by the 6th day, while under the Ω = 3:1 condition, the ice still exists at the 18th day. Furthermore, the phase distribution laws were not the same under different Ω ratios. The lower the Ω is, the more homogenous the phase distribution.


[image: image]

FIGURE 5. Liquid ratio distribution of CLS functional CPB under different initial proportion of ice to water.


Phase change processes influence heat transfer and temperature distributions. To reveal the laws of heat transfer and phase change with time, the trends of average temperature and liquid ratio were illustrated and compared in Figure 6. As the initial proportion of ice to water decreases from 3:1 to 1:3, the rate of temperature increase becomes faster. The higher the initial proportion of ice to water, Ω, the lower the overall temperature. The average temperature increase rate was different with Ω and all the cases had inflection points on the temperature vs. time curves. This could be explained by the influence of ice. Take the case of Ω = 1:1 for example, before the inflection point (the 20th day), there was ice in the CPB and the heat was transferred by both latent heat and sensible heat, thus the rate of temperature increase was slower. After the inflection point, all the ice was melted and the heat transferred only by sensible heat, so the rate of temperature increase was faster. The inflection point of the average temperature curves was in accordance with the liquid proportion curves. With the increasing initial proportion of ice to water, the durations of the phase change are longer. However, the whole liquid ratio rising trend is similar for different cases. The durations of complete phase changing are 12, 15, 20, 26, and 28 days under Ω = 1:3, 1:2, 1:1, 2:1, and 3:1 ratios, respectively. The existence of ice implies that the latent cold release endured and the cooling potential was larger. This indicated that the initial proportion of ice to water was significant for the cold releasing quantity and the cooling time. In engineering practice, the initial proportion of ice to water could be designed according to the mining period and cold quantity requirement of a stope.
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FIGURE 6. Average temperature and liquid ratio of CLS functional CPB under different initial proportion of ice to water.


The average temperature of the upper surface manifested the different rising law as Figure 7 shows. There was also an inflection point in the curve. However, the rate of temperature increase is faster before the inflection point. In the upper surface, the ice melted fast and the temperature rose fast because of the larger heat transfer temperature difference. Under the larger temperature difference between the CPB upper surface and the air of the stope, a larger amount of cold was released from the CPB, and the temperature rose quickly. With the temperature difference reduced, the heat transfer was weakened and the rate of temperature increase declined after the inflection point. The durations of surface temperature increase from the initial temperature to 293 K were approximately 7, 8, 11, 15, and 17 days, which implied that considerable cooling flux could be provided by CPB, and the cooling effects were satisfactory for stopes for these durations.
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FIGURE 7. Average surface temperature of CLS-functional CPB under different initial proportions of ice to water.




The Influence of Mass Concentration

Mass concentration is the ratio of the total weight of waste stones, tailings and cement to the weight of CPB. Different mass concentrations lead to different water and ice quantities. Under the same initial proportion of ice to water, Ω, lower mass concentration means more total quantity of water and ice in the CPB; thus, the cold capacity is larger. Figure 8 shows the cold concentration that existed in the lower part of the CPB. As the mass concentration increase, both the temperature and liquid ratio rising rate increase as Figures 8, 9 shows, respectively. As Figures 8, 9 showed, the liquid ratio rising rate increased with the mass concentration. The higher the mass concentration was, the less the cold capacity it included was. Thus, the cold release time of higher mass concentrations was shorter than it was for lower mass concentrations resulting in the faster rate of temperature increase.
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FIGURE 8. Temperature distribution of CLS functional CPB under different concentration.
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FIGURE 9. Liquid ratio distribution of CLS functional CPB under different concentration.


Figure 10 shows the average temperature and liquid ratio rising laws of CLS-functional CPB. The inflection point existed as introduced in section “The Influence of Initial Proportion of Ice to Water.” The inflection points occur on the 25th, 21st, and 17th, with mass concentrations of 66.1, 72.8, and 78.5% both for temperature rising trends and liquid ratio rising trends. This accordance could also be explained by the heat transfer mechanism. Before the inflection point, ice existed and both latent and sensible heat transfer occurred. However, after the inflection point, all the ice melted and only sensible heat transfer occurred. From Figure 11, the surface temperature rising rate rank was the same as in Figure 10. Compared with the influence of the initial proportion of ice to water, the influence of mass concentration on surface temperature was smaller.
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FIGURE 10. Average temperature and liquid ration of CLS functional CPB under different slurry concentration.
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FIGURE 11. Average surface temperature of CLS-functional CPB under different slurry concentrations.




CONCLUSION

Cold load and storage-functional CPB is a new cooling method, which could be applied to deep mine cooling. A 2-D, unsteady state heat conduction model compounded with a hydration heat model, a porous media model and an enthalpy method model was applied to simulate the phase change and heat transfer process of CLS-functional CPB in deep mines. From the numerical investigation, conclusions have been drawn as follows. The cold releasing effect of different mass concentrations and initial proportions of ice to water was compared. All the average temperature curves appeared to display two-stage characteristics. The rate of temperature increase during the first stage was lower than the second. The inflection point between the two stages was according to the melt time of the liquid ratio curve. With an increasing initial proportion of ice to water, the temperature rise was slower, while with increasing mass concentration, the temperature rose faster. Compared with mass concentration, the initial proportion of ice to water had a greater influence on the temperature rise and cold capacity. With the mass concentrations increasing from 66.1% to 78.4%, the duration of the phase transition decreased 32%, while, with the PCM initial proportion of solid to liquid increasing from 1:3 to 3:1, the duration of the phase transition increased 54%. As the melting region developed from top to bottom of the CLS-functional CPB, the distance from the lowest temperature location to the upper surface increased and the heat resistance increased accordingly. In other words, if the thickness of CLS-functional CPB was smaller, it was easier to release cold and obtain a good cooling effect during the later period. It needs to be noted that this study focused on the phase change and heat transfer characteristics of the new CPB; the strength and the grouting transport characteristics of it also need to be studied for overall consideration of designing the composition of the new CPB.
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This study used laboratory analog and numerical experiments to simulate groundwater flow in karst aquifer and investigated the effect of dimension factors and water pressure on the hydraulic conductivity for karst groundwater flow in conduit-fissure medium. A coupled Darcy-Navier-Stokes mathematical model were developed to simulate groundwater flow transmitting process in karst aquifer. The Darcy’s law was used to model the flow in the fissure and the Navier-Stokes equations were used for the flow in the conduit. A laboratory analog which simulate the conduit-fissure domains of a karst aquifer was used to provide verification of proposed mathematical models and the calibration of numerical simulations. Numerical simulations were adopted to solved the coupled Darcy-Navier-Stokes mathematical model. The numerical simulation results for flow matched well with laboratory experimental results. Furthermore, the hydraulic conductivity was identified as four control factors (conduit diameter, fracture aperture, initial hydralic pressure and strata dip angle) by the numerical simulations. A new empirical equation was proposed to derive the hydraulic conductivity. The contributions of each factor on the hydraulic conductivity were evaluated by variance analysis. The evidence shows that the conduit diameter and fracture aperture have the most influence on the hydraulic conductivity.

Keywords: Karst aquifer, hydraulic conductivity, conduit-fissure medium, numerical model, laboratory analog


INTRODUCTION

Karst aquifer are highly heterogeneous systems which have been assimilated to dual-porosity systems consisting of two pore systems, the karstic network (channel network of high-permeabiliyt) as one system, and the surrounding matrix (fissured limestone volumes of low-permeability) as another (White, 1969; Mohrlok and Teutsch, 1997; Mangiarotti et al., 2019). Water exchange between the conduits and surrounding matrix depends on the hydraulic gradients of the two systems and the permeability of the matrix (White, 2002; Peterson and Wicks, 2005; Li et al., 2007; Loper and Eltayeb, 2008). It has been observed that hydraulic head or pressure in conduits is larger than that in the surrounding matrix during a heavy precipitation season, the flow in the conduits is driven into the matrix or directly forms the spring discharge (Mangiarotti et al., 2012). On the contrary, during the low-flow season, the flow in the matrix will slowly release back into the conduits and eventually produces a long tail in the spring hydrograph. Exchanges of water between the conduit and the surrounding matrix have been simulated using several models (Martin and Dean, 2001; Peterson and Wicks, 2005; White and White, 2005; Bailly-Comte et al., 2010; Hartmann et al., 2014). The flow in the matrix is slow and can be described by the Darcy’s law. However, the flow in the conduits is fast and can be governed by Kirchhoff’s rule (Kincaid, 2004; Faulkner et al., 2009). So, Darcy’s law cannot be satisfied in describing the dual flow. The Navier-Stokes equations are used to described the fast flow in the conduits (Burman and Hansbo, 2005, 2007). The dual-porosity model coupling Darcy’ system with Navier-Stokes system have been developed for a relatively new area of inquiry to simulate groundwater flow in a karst aquifer (Arbogast and Lehr, 2006; Arbogast and Brunson, 2007; Faulkner et al., 2009). Various researches indicates that the combined method has the potential of improving more accuracy of the simulation results from the dual-porosity models and more detailed description of the karst flow system (Cao et al., 2010a, b).

Besides, hydraulic conductivity is a representative and useful parameter which describes how easily a geologic medium can transmit groundwater. The concept of equivalent average hydraulic conductivity was proposed by Chen (1995) and Cheng and Chen (2005, 2007) to establish the unified conduit-fissure flow control equations coupling the conduit flow and the fissure matrix flow. The hydraulic conductivity of carbonate rock is influenced by the geometry of fractures, such as conduit diameter, fracture aperture and strata dip angle (Mas Ivars, 2006; Huang et al., 2016). Further, water pressure also affects the hydraulic conductivity (Lin et al., 2019; Zhao et al., 2017, 2019a,b). Owing to the dimension-dependence behavior and the effect of water pressure, the estimation of this parameter is a complex problem.

In this paper, a laboratory analog and numerical experiments are used to simulate groundwater flow in the conduit-fissure medium at the steady state. Specifically, the relationship between the factors (conduit diameter, fracture aperture, initial water pressure and strata dip angle) and the hydraulic conductivity are identified by the numerical simulations. A new empirical equation is proposed to derive the hydraulic conductivity. Overall, the laboratory analog and numerical simulations can contribute to improving knowledge about the behavior of such complex hydrological system. Understanding the influence of dimension factors and water pressure on hydraulic conductivity can gain a more precise hydraulic conductivity and a detailed description of the geometrical and physical properties of the dual flow system which can be well applied to numerical simulation in karst aquifer.



MATHEMATICAL MODELING FORMULATIONS

It is difficult of the traditional methods to quantitatively describe the complex nature of the typical karst aquifer system, because it requires switching mathematical expressions between different flow laws. In this study, Darcy’s law was used to describe slow flow in a network of fractures and the Navier-Stokes equations was adopted to govern the flow in the conduit. Groundwater exchange between the two domains is treated as an interface action. The free flow is confined in the conduit, which connects the sinkhole and the spring. The fracture network medium is regarded as the matrix holding groundwater.


Mathematical Models for Matrix Flow

In the fissure network media, the flow quantity is estimated using the Darcy’s law, which describes fluid flow driven by gradients in pressure and elevation potential, as given by the following equation:

[image: image]

Where Q is the volumetric flow rate per unit volume of the supply reservoir; K is hydraulic conductivity; η is the dynamic viscosity; P is the hydraulic pressure; g is the acceleration of gravity; D is the coordinate for vertical elevation.

The boundary condition for the matrix material flow is the Dirichlet boundary condition. For a continuous solution across the interface between the zones of Darcy and Navier-Stokes flow, the pressure and velocities from Darcy’s law must equal to the pressure and velocities from the Navier-Stokes equations. The following constraint on pressure for the Darcy- Navier-Stokes interface:

[image: image]

Where n is the unit vector normal to the boundary, P1 is the initial hydraulic pressure, the subscript “dl” denotes the Darcy’s law, the subscript “ns” denotes the N-S equations.



Mathematical Models for Conduit Flow

The governing statement for flow in the conduit comes from the Navier-Stokes equations, which combine a momentum balance with an equation of continuity:

[image: image]

The N-S equations solve for dependent variables u and p. The “ns” subscript denotes the N-S equation.

From the N-S model, the interface to the Darcy flow zone is the constraint on velocity as in

[image: image]

This equation states that the velocity and the pressures on the both sides are the same.

The remaining boundaries for the N-S equations are a set of constraints on velocity and pressure. The velocity in the conduit drops to zero at the conduit casing, which corresponds to a no-slip condition. The pressure at the conduit’s upper outlet is known. The boundary condition for the conduit flow is given as follows:

[image: image]

For simplicity, we assume the aquifer system has homogeneous and isotropic hydraulic properties, and the flow field is in a steady state. In this study, the fluid has constant density and viscosity, and the data of the pressure of fluid at the inlet and the pressure at the outlet are measured and recorded. We developed a numerical code to simulate the water flow transmitting process in the aquifer by the coupled Darcy-Navier-Stokes model.



Hydraulic Conductivity for the Conduit-Fissure Medium

It is identified that a linear trend between the velocity and the hydraulic gradient under an assumption of Darcian laminar flow. The hydraulic conductivity is defined as the slope of the linear trend. However, the flow in the conduit obeys the non-Darcian law and the hydraulic conductivity will vary with the Reynolds number. The validity of the linear trend is inapplicable in the conduit-fissure medium flow problems. So, it is necessary to find an adequate formula to describe the coupled flow. The Forchheimer model (Bear, 1979) has been widely used to simulate the non-Darcian flow, which is described as follows:

[image: image]

Where J is the hydraulic gradient; k1,k2 are the hydraulic conductivity of the two kinds of flow; V is the average velocity of the outflow.

The total flow is controlled by the inertial force and the viscous flow. When the contribution from the inertial force is much larger than that of the viscous force, the formula can be expressed as J = k1V2, on the contrary, if the flow is mainly controlled by the viscous force, it is considered as the laminar and the expression becomes J = k2V.

In order to establish the unified conduit-fissure flow control equations, the concept of equivalent hydraulic conductivity was proposed by Chen (1995) and Cheng and Chen (2005, 2007), which coupling the conduit flow and the fissure matrix flow. In this concept, the expression of conduit flow is similar to the flow in fissure matrix. And the conduit flow can also be expressed by darcy’s law as follows:

[image: image]

Which KL is the equivalent hydraulic conductivity for the total flow, V is the average velocity of the outflow, J is the hydraulic gradient.

In addition, the hydraulic gradient in the following experiment is defined as follows:

[image: image]

Where H2,H1 is the hydraulic head of the inflow and outflow, respectively, defined by [image: image], z is the position head, P is the hydraulic pressure,ρ is the water density,L is the transmitting distance of the flow.

In this study, the average hydraulic conductivity was proposed to describe the total permeability of the laboratory or numerical model medium and its value was calculated by applying the equation of equivalent hydraulic conductivity. The outflow velocity and the hydraulic gradient can be obtained from the results of laboratory experiments and numerical models. And the intrinsic permeability is controlled by the dimension of fissures and conduits. The relationship of the intrinsic permeability and the hydraulic conductivity was expressed as:

[image: image]

Where k is the intrinsic permeability, K is the hydraulic conductivity, μ is dynamic viscosity, ρ is fluid density and g is gravity acceleration.

So the relationship of the intrinsic permeability and its dimension factors can be transformed to the relationship between the hydraulic conductivity and the dimension factors.



LABORATORY ANALOG AND EXPERIMENT PROCEDURE

Figure 1 is a simple water cycle in karst aquifer system. After rainfall, a part of water remains in the soil cover zone and subsequently slowly evaporates back to the air or percolates, and the rest of it is transferred through the soil zone into the unsaturated zone. The role in the loss of moisture depends on the thickness of the soil zone and the vegetation coverage. The process of groundwater transmission through the unsaturated zone can be divided into two kinds of paths based on the permeability of aquifer medium: (1) fast flow through the karst network such as sinkhole, which called conduit system; (2) slow flow that requires much time through the karst aquifer, which called fissure network system. Water exchange will be happened between the two medium systems under different hydraulic gradient. Finally, conduit system transport water to karst springs.


[image: image]

FIGURE 1. A water cycle in karst aquifer system (adapted from Figure 1.1, Goldscheider and Drew, 2007).


Based on the above described water cycle, we set up a laboratory analog to simulate groundwater flow with conduit-fissure medium in karst aquifers (Figure 2). The analog has two domains. The fissure network is formed with series of parallel glass blocks. The permeability of the fissure network is determined by the distance from two parallel glass blocks. The interior of the matrix measures 129cm × 80cm × 3cm. The reserved place at the bottom of the experimental setup forms a conduit structure and the interior measures 129cm × 3cm × 3cm. A constant-head upstream reservoir is connected to the recharge flume at the top of the experimental apparatus. Water flowed into the system from the supply reservoir and is divided into two kinds of paths by the inlet control valves, one flow into the vertical conduit as the main source of supply to conduit; the other flow into the fissure network. The exhaust valve is used to remove the trapped air. A flowmeter is placed at the end of the horizontal conduit to measure the spring discharge. There are 25 ports available for pressure transducers to measurements of hydraulic pressure The conduit has one inflow and one outflow as well as 4 ports for pressure sensors. The fissure network domain has one inflow and the discharge is drained through the conduit, with 21 water pressure sensors. In this setup, the ratio of conduit number to fracture number is 26:1,and the volume of conduit to fracture is 0.73. Table 1 showed the numbers and size of conduit and fissure.


[image: image]

FIGURE 2. Schematic diagram of the laboratory analog setup.



TABLE 1. The numbers and size of fissure and conduit.

[image: Table 1]Water flowed in from the water supply reservoir and flowed out from the outlet tube. The karst water flow was simulated by the laboratory analog under different infiltration recharge values and measured by the outlet flowmeter. Low infiltration recharge condition was simulated by the inlet valves open at 1/2 place, and high infiltration recharge condition was simulated by the inlet valves open at the maximum place. The data from the pressure transducers and the flowmeter are recorded when both the discharge of the output and the water level of the recharge flume are in a steady state controlled by the inlet and outlet valves. Experiments are repeated twice for the same laboratory setup to ensure the accuracy of the measurement.



EXPERIMENTAL AND NUMERICAL RESULTS

Base on the laboratory analog, we develop a numerical model to simulate groundwater flow in a karst aquifer by multifield physical coupling finite element numerical method coupling Darcy’ law and Navier-Stokes equations. Take the bottom of the model as the base level, and z is the distance from the base level. Flow moves from z = 0.83 m within a recharge flume and exits to the right side of the horizontal conduit. The fluid flow follows the Darcy’s law in the field for 0.03 m < z < 0.83 m. The Navier-Stokes equation governs flow from the conduit casing at the 0 < z < 0.03 m. The interface between the Darcy and N-S equation flow zone occurs at z = 0.03 m.

Figure 3 shows the experimental and simulated distributions of the hydraulic head varied with z under low recharge condition with the recharge quantity equal to 0.015 m3/s. Figure 4 shows the experimental and simulated distributions of the hydraulic head varied with z under high recharge condition with the recharge quantity equal to 0.03 m3/s. Both Figures 3, 4 show a good agreement between the experimental results and the simulation results. The results present a plausible argument that the simulation results can characterize karst groundwater flow. According to the experimental and numerical results, it can be determined that the average hydraulic conductivity of the simulate fractured medium is 0.20m/s.


[image: image]

FIGURE 3. The hydraulic head distributions with z under low recharge condition.



[image: image]

FIGURE 4. The hydraulic head distributions with z under high recharge condition.




DISCUSSION

The estimation of hydraulic conductivity in a karst aquifer is still a complex problem for the dimension-dependence behavior. In this study, different numerical simulations were carried out to investigate the effects of the dimension factors (the conduit diameter, fissure aperture and the strata dip angle) on the average hydraulic conductivity by identifying the relationship between the flow velocity and the hydraulic conductivity. The initial hydraulic pressure was also considering as another factor because it is an input parameter in the numerical simulation model.

The orthogonal method was used to construct an experiment plan shown in Table 2. Each factor has four values. According to the orthogonal table, 16 groups of numerical simulations experiments were taken under different factor values. The simulation results were shown in Table 3.


TABLE 2. The effect factors and levels of the orthogonal array design.

[image: Table 2]
TABLE 3. The results of 16 group simulation experiments.

[image: Table 3]Variance analysis of the simulation experiment results were carried out shown in Table 4. According to F-test, when F > Fa = 0.05 = 9.28, the reliability of F-test was 95%, and when F > Fa = 0.1 = 5.39, the reliability of the test was 90%. The higher the confidence interval, the more significant the effect of this factor on the index. According to Table 4, it can be seen that the conduit diameter has the most significant influence on the average hydraulic conductivity, followed by the fissure aperture whose confidence interval reaches above 95%. In addition, the confidence interval of the initial hydraulic pressure value reaches 90%, while the strata dip angle has the least impact on the average hydraulic conductivity. Range represents the maximum amplitude of factor swings at different levels. The larger the range, the more obvious effect of the factor on the index. As can be seen from Table 4, conduit diameter and fissure aperture have great influence on the average hydraulic conductivity, followed by the initial hydraulic pressure and strata dip angle.


TABLE 4. Statistical analysis the simulation experiment results.

[image: Table 4]It is necessary to understand how these factors influence the average hydraulic conductivity by the numerical models which can deriving the relationship between the average hydraulic conductivity and outflow velocity when varying one of the input factor variable values at a time and holding all other input factor variable values constant. Numerical simulations will be performed under three different conditions.

First, the numerical model was used to simulate the velocity value of outlet flow under different initial hydraulic pressure values when holding other input factors values constant. In the calculation process, the water pressure is converted into the hydraulic head through the formula which is described as follws:

[image: image]

[image: image]

Where △H is the hydraulic head difference between the inflow and the outflow; z1 and z0 are the water head of inflow and outflow, respectively; P1 and P0 are the water pressure of inflow and outflow, respectively; u1 and u0 are the water velocity of inflow and outflow, respectively; J is the hydraulic gradient; L is the transmitting distance of the flow.

The input conduit diameter value of the model was set as 0.02 m, the fissure aperture as 0.004 m and the strata dip angle of the model as 0 degree while the initial hydraulic pressure value of the inlet was changing range from 1.015 × 105Pa to 1.15 × 105Pa. The pressure value of the outlet flow of the model was 1.013 × 105Pa. The simulation results were presented in Table 5. It is interesting that the strata dip angle value was not hold as the constant input value but variable values varying with the initial hydraulic pressure seen from Table 5. It can presume that the change of the initial hydraulic pressure is due to the strata dip angle variable value. However, it can’t make more obvious impact on the average hydraulic conductivity only changing the strata dip angle values while holding the initial hydraulic pressure constant.


TABLE 5. The simulation results while varying the initial hydraulic pressure values.

[image: Table 5]As seen from Table 5, the outflow velocity values and the average hydraulic conductivity values increase gradually with the increase of hydraulic gradient. Figure 5 shows the linear relationship between the outflow velocity and the hydraulic gradient which obeys Darcy’ law. The relationship between the average hydraulic conductivity and pressure gradient was shown in Figure 6 and was fitted as a power function equation that


[image: image]

FIGURE 5. The relationship diagram between the outflow velocity and the hydraulic gradient.



[image: image]

FIGURE 6. The relationship diagram between the average hydraulic conductivity and pressure gradient.


[image: image]

Where K is the average hydraulic conductivity and J is the hydraulic pressure gradient.

Second, the numerical model was used to simulate the velocity value of outlet flow under different conduit diameter values when initial hydraulic pressure was set as 1.04 × 105Pa, fissure aperture as 0.004m and the strata dip angle as 0 degree. The flow velocity decreases with the increase of conduit diameter under the condition of the fixed fissure aperture value and initial hydraulic pressure value because of the increasing cross section of the conduit in the steady flow state from the numerical simulation results presented in Table 6. Moreover, the average hydraulic conductivity also decreased with the increase of conduit diameter. The relationship between the average hydraulic conductivity and conduit diameter was fitted shown in Figure 7 and is expressed as a power function as follows:


TABLE 6. The simulation results while varying conduit diameter.

[image: Table 6]
[image: image]

FIGURE 7. The relationship diagram between the average hydraulic conductivity and conduit diameter.


[image: image]

Where K is the average hydraulic conductivity and d is the conduit diameter.

Third, the numerical model was used to simulate the velocity value of outlet flow under different fissure aperture values when holding other input factors values constant. As seen from Table 7, the average hydraulic conductivity increases with the increase of fissure aperture. The relationship between the average hydraulic conductivity and fissure aperture is approximately linear trend expressed as


TABLE 7. The simulation results while varying fissure aperture.

[image: Table 7][image: image]

Where K is the average hydraulic conductivity and b is the fissure aperture (see Figure 8).


[image: image]

FIGURE 8. The relationship diagram between the average hydraulic conductivity and fissure aperture.


According to the results of the three numerical simulation models and each relationship between the average hydraulic conductivity and its factors, an empirical equation was proposed to derive the hydraulic conductivity defined as :

[image: image]

Where K is the average hydraulic conductivity, J is the hydraulic pressure gradient, d is the conduit diameter and b is the fissure aperture.

This equation only applies to the similar medium and boundary conditions of above models under steady flow state.



CONCLUSION

This study developed a laboratory analog to simulate groundwater flow in a karst aquifer with one conduit in a fissure media. Several experiments were carried out to simulate groundwater flow with different infiltration recharge conditions providing hydraulic head distribution and spring discharges. The results from these experiments were used to verify and validate the following mathematical and numerical models. The mathematical and numerical models were also developed to simulate groundwater flow in a karst aquifer by coupling Darcy system with Navier-Stokes systems. The Darcy equation is adopted to describe flows in the fissure and the Navier-Stokes equations are used to describe flows in the conduit. The hydraulic responses from numerical simulation models show the similar trends with the laboratory experiments results.

Furthermore, numerical simulations were carried out to investigate the impacts of the dimension factors (the conduit diameter, fissure aperture and the strata dip angle) and the initial hydraulic pressure on the average hydraulic conductivity. Each relationship between the average hydraulic conductivity and its factors were expressed by fitted equations. The results showed that the dimension factors (the conduit diameter and fracture aperture) have the most influence on the hydraulic conductivity. And a new empirical equation was proposed to derive the hydraulic conductivity under the hydrogeological conditions set by the numerical models. It can contribute to improving knowledge about the behavior of such complex hydrological systems because it enables one to take into account the role of the dimension factors.
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In order to reveal the internal stress distribution and failure characteristics of a pre-existing cylindrical cavity in granite under triaxial cyclic loading, bonded particle models containing a cavity were established to investigate the variation in crack propagation, stress distribution, number of micro-cracks, elastic modulus, and Poisson’s ratio with an increase in cavity diameter. The results show that the cavity diameter has a significant effect on the tensile cracks, compression-shear failure zone, and compressive stress distribution. The peak strength decreases as the diameter of the cavity increases. However, the number of cracks increases and the plastic deformation increases more obviously. With the increase of the cyclic axial stress, the decrease rate of the elastic modulus shows the rule of “first slow, fast later,” and the Poisson’s ratio increases. The distribution of local stress of σ1,σ2, andσ3 explains the behavior of the cracks around the cylindrical cavity well.
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INTRODUCTION

In the process of rock mass excavation and mineral mining (Yang et al., 2017; Wang et al., 2019; Zhang et al., 2019; Zhao et al., 2019b), an excavation damage zone will be formed in the surrounding rock within a certain range of the cave (Salehnia et al., 2015). In order to provide a theoretical basis for the stability and safety of rock masses in engineering contexts, physical experiments and scanning electron microscopy (SEM), Computed Tomography (CT), Acoustic emission (AE), and numerical simulation have been carried out on artificial jointed rock (Zhao et al., 2017b; Peng et al., 2019b; Zhao et al., 2019a) or rock-like materials (Zhao et al., 2016; Lin et al., 2019a).

Several studies have looked at rocks with a prefabricated cavity. According to laboratory experiments and numerical simulations conducted by Fakhimi et al. (2002), Huang et al. (2018), and Zhao et al. (2014), it can be concluded that the failure characteristics and crack propagation are determined by the shape, size, and angle of the prefabricated holes. Zhao et al. (2011) proposed the failure strength model of brittle materials with a pre-existing open hole defect, derived a modified Sammis–Ashby model, which can be used to calculate the peak strength of brittle material, and adopted a progressive elastic damage method, realistic failure process analysis (RFPA), to verify the modified model and simulate the damage process. Teng et al. (2018) used CT scanning to study the mechanical properties and fracture propagation of anchored rock with a hole under uniaxial compression. The results demonstrated that the supporting structure enhances the strength of the specimens greatly. Liu et al. (2015) used the Acoustic Emission (AE) technique and moment tensor (MT) analysis to study the spatiotemporal evolution of micro-cracks and the behavior of the ratios of three-mode cracks of coarse-grained granite samples with circular openings under uniaxial compression. The results showed that shear cracks are dominant, as the ratio is more than 40% of the total number of events, tension cracks are fewer, accounting for more than 30% of the total events, and mixed-mode cracks make up the smallest proportion. Lei et al. (2018) and Tao et al. (2018) used a split Hopkinson pressure bar (SHPB) to perform dynamic compressive tests on plate-shaped marble specimens with a single circular or elliptical cavity. The results showed that the axial tensile crack parallel to the loading direction and the X-shaped shear crack around the hole are the main factors leading to the damage of the samples. When specimens contain elliptical holes, the eccentricity and the angle between the loading direction and the long axes influence the cracking behavior and dynamic strength under impact loading.

In the case of multi-cavity rocks and fracture-hole rocks, Zhang et al. (2018) and Fan et al. (2018) carried out uniaxial compression tests for the numerical modeling of two circular holes with different angles of the center connection line of the holes. The mechanical behavior and acoustic emission (AE) characteristics of the defective rock materials were analyzed comprehensively, and the damage evolution law was studied. Chen et al. (2017) carried out uniaxial compression experiments on sandstone samples containing double fissures and a single circular hole and studied the effects of rock bridge angle and crack angle on the mechanical properties and fracture evolution characteristics. Wang and Tian (2018) established a variety of defective coal-rock specimens containing fractures with different inclinations and holes with different positions using PFC2D software and discussed the characteristics of stress-strain and the crack evolution law of coal-rock with different fracture-holes under uniaxial compression.

The study of rocks with a prefabricated cavity has not been limited to a single direction. Xie et al. (2011) conducted systematic experimental studies of rock specimens with a pre-existing circular opening under uniaxial, biaxial, and triaxial loading conditions and analyzed the failure process of the samples by means of numerical simulation. The results showed that the compressive strength of the specimen increases little under the action of biaxial compression but is greatly improved under triaxial compression. Zhu et al. (2005) employed a numerical code called RFPA (rock failure process analysis) to simulate the progressive fracturing processes around underground excavations under biaxial compression. The simulation results showed that the code cannot only generate a fracturing mode similar to that in previous research results but also predict the fracturing mode under various loading conditions. On this basis, the failure mechanism under different loading conditions was determined. Jia and Zhu (2015) discussed the factors affecting the failure pattern and failure mechanism of zonal disintegration around underground excavations under tri-axial stress and applied the RFPA3D code to study how the zonal disintegration develops under different triaxial stress conditions as well as its failure mechanism.

From the research work in the previous literature, it can be found that the fracture evolution of rocks with a prefabricated cavity under cyclic loading has rarely been reported. Therefore, in this paper, cyclic incremental loading and unloading tests (Zhao et al., 2017a) are carried out to investigate the crack propagation and failure characteristics of granite with a prefabricated cavity.



ESTABLISHMENT AND VERIFICATION OF NUMERICAL MODEL AND MICRO-PARAMETERS


Bonded Particle Model

The synthetic rock mass model was established by PFC software. The macroscopic mechanical behavior of the numerical model is determined by the contact model and the microscopic parameters of the particles. There are two models of bond contact between particles: the contact bond model and the parallel bond model. In the parallel bond model (Mas Ivars et al., 2011), particles are bonded together by a parallel bond that provides normal stiffness [image: image] and shear stiffness [image: image] at the contact point of the particles. The microcosmic diagram of the bonded particle model (BPM) (Potyondy and Cundall, 2004) and the mechanism of parallel bonds under normal and shear loads are shown in Figure 1. When the normal tensile stress or shear stress exceeds its respective parallel bond strength, the bond breaks, the parallel bond spring is removed, interface behavior changes back to the zero-length interface, and then the micro-cracks continue to propagate to form a macroscopic fracture. The bonded particle model (BPM) makes the inter-particle force transfer and micro-crack propagation more reasonable. Therefore, the bonded particle model shows good performance for the crack propagation and mechanical behavior of brittle rock materials.


[image: image]

FIGURE 1. Schematic representation of the BPM and the mechanisms of parallel bonds.




Numerical Model

In the present study, particle flow code (PFC3D) was used to conduct numerical simulation research on the granite with a cavity model under triaxial cyclic loading. A BPM model with a geometric size of 200 × 100 × 100 mm (height × length × width) was established, and a through-cavity with a diameter of 20, 30, or 40 mm was generated in the center of the model, as shown in Figure 2. The serial numbers of the specimens were set as listed in Table 1. Particle size is mainly determined by minimum particle size (Rmin) and particle size ratio (Rmax/Rmin). It is necessary to consider the effect of particle size distribution (Ding et al., 2014; Lin et al., 2019b). On the premise of reasonably reflecting the sizes in granites and in order to improve the efficiency of the numerical calculation, a total of 46940 particles with particle sizes ranging from 1.5 to 2.49 mm were generated in the specimen. Displacement loading was used as the loading method, and the loading rate was set to 0.1 m/s. It should be noted that there are essentially different loading rates between PFC and laboratory tests, which are converted by a time-stepping algorithm.


[image: image]

FIGURE 2. Sample model containing a single circular cavity (unit: mm).



TABLE 1. Serial numbers of the specimens.

[image: Table 1]


Micro-Parameter Calibration

According to the laboratory test results for lac du Bonnet granite with a cavity under uniaxial compression presented by Carter et al. (1991), a set of suitable micro-parameter values (Table 2) was determined by “trial and error” calibration. The macroscopic mechanical properties of the numerical model established by this set of micro-parameters should be similar to those indicated by the laboratory test. In order to verify the correctness of the micro-parameters of the numerical model, a uniaxial compression test and tensile test were carried out on the numerical model of an intact sample (size of 200 × 200 × 60 mm). As listed in Table 3, the macroscopic mechanical properties of the numerical model of intact samples, UCS, Elastic modulus, and Poisson’s ratio, are in good agreement with the laboratory experimental results of Carter et al. (1991). The deviation degrees are 0.88, 2.10, and 1.2%, respectively. Although the deviation degree of tensile strength is 9.3%, it is still less than 10%, and the deviation is within a reasonable range. In order to further verify the reliability of the micro-parameters, Figure 3 shows the crack propagation during the failure process of a pre-existing cylindrical cavity in granite. The simulated crack propagation is basically analogous to the experimental results.


TABLE 2. Microscopic parameters of the simulated numerical model.

[image: Table 2]
TABLE 3. Comparison of macro-properties determined by numerical simulation and laboratory experiment.

[image: Table 3]
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FIGURE 3. Failure modes of a specimen with a circular hole obtained through simulation and experiment. (A) Numerical result. (B) Experimental result. Adapted from Carter BJ, Lajtai EZ, Petukhov A. Primary and remote fracture around underground cavities. International Journal for Numerical & Analytical Methods in Geomechanics. 1991;15(1): 21–40 (Carter et al., 1991) with permission from the RightsLink automated permissions service.




RESULTS AND DISCUSSION


Microscopic Analysis of Crack Propagation

To determine the effect of cavity diameter on the number of micro-cracks and mechanical properties under triaxial cyclic loading, the axial load was specified as a triangular wave cyclic compressive load. The loading path employed is illustrated in Figure 4. Firstly, a confining pressure of 5 MPa was applied to the rock sample, and the upper limit of the initial axial stress was 30 MPa. After unloading to the stress lower limit of 20 MPa, the rock specimen was reloaded to a maximum axial stress of 10 MPa greater than the upper level until the peak strength was reached, then loaded until the axial stress dropped to 70% of the specimen’s peak strength. The test was then stopped. It should be noted that the stress lower limit of a cyclic load has a certain impact on the mechanical properties of rocks (Peng et al., 2019a). The stress lower limit is set to approximately 10% of the peak compressive strength.
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FIGURE 4. Stress path: triaxial cyclic loading and unloading under increased upper limit stress.


The fracture mode, force chain distribution, and displacement vector of SCS-30 at different cycle numbers are presented in Figure 5. It can be seen from the fracture mode diagram that during the sixth cycle, damage is first generated around the cavity, and, as the damage continues to accumulate, macroscopic cracks are gradually generated. Cracks form at the top and bottom of the cavity that are parallel to the maximum principal stress and develop along the upper and lower ends. The crack initiation direction on the left and right sides of the cavity is approximately perpendicular to the boundary of the cavity. However, with an increase in cycle number, the cracks gradually turn to the direction approximately parallel to the axial stress and extend to either side of the specimen. Finally, a macroscopic failure zone inclined to the XY plane is formed, which is characterized by compression-shear damage.
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FIGURE 5. Fracture mode, force chain distribution, and displacement vector of SCS-30 with different cycle numbers.


From the force chain distribution diagram (blue represents compressive stress, green represents tensile stress), it can be seen that in the first several cycles, a pressure stress concentration is formed on the left and right sides of the cavity. As the number of cycles increases, the pressure stress concentration is more obvious, and a tensile stress zone is formed at the top and bottom of the cavity, which is particularly evident in the ninth cycle. At the same time, it can be observed from the displacement vector diagram that the particles at the top and bottom of the cavity move to the left and right sides, respectively, which indicates that the cracks at the top and bottom of the cavity are caused by tensile stress. In the displacement vector diagram of the eighth and ninth cycle, since the displacement of the particles on the left and right sides of the cavity is smaller than the displacement of the top and bottom of the cavity, an “X”-shaped shear failure zone is formed around the cavity. However, due to the limitation imposed by the confining pressure and the heterogeneity of rock, the characteristics of crack propagation in the sample change to localization. The cracks extend along the upper left and lower right of the cavity. Eventually, a compression-shear fracture forms.

According to Kirsch’s formula on the theory of elasticity, it can be seen that:
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where σr is radial stress, σθ is tangential stress, τrθ is shear stress, an p and q are, respectively, the axial stress and horizontal stress of specimens. On the top and bottom of the cavity, ra = r, θ = 90°; in this case, σθ = 3q−p, σr = τrθ = 0, and tensile stress is generated. On the left and right sides of the cavity,ra = r, θ = 0°; in this case, σθ = 3p−q, σr = τrθ = 0, and compressive stress concentration is generated. It can be seen that the mesoscopic characteristics of granite with a pre-existing cylindrical cavity under triaxial cyclic load are consistent with the theoretical results of elastic mechanics.

The crack propagation, force chain distribution, and displacement vector diagram of SCS-20, SCS30, and SCS-40 at the peak of axial stress under triaxial cyclic load are presented in Figure 6. From the crack propagation diagram, it can be seen that tensile cracks parallel to the maximum principal stress will be generated on both sides of the rock specimens. The larger the cavity diameter is, the longer the length of the tensile crack will be. Meantime, the angle between the compression-shear failure zone formed on the left and right sides of the cavity and the direction of the maximum principal stress increases with an increase in the cavity diameter. By comparing the displacement vector diagram, it can be observed that the horizontal displacement of particles on the left and right sides of the cavity also increases with an increase in the cavity diameter. This is because the larger the cavity diameter of the specimen is, the thinner the rock on the left and right sides of the sample will be. Therefore, it is easy for the loading to cause the rock particles on either side of the cavity to be displaced. By comparing the force chain distribution diagrams, it can be seen that the area of the force chain of weak compressive stress on the top and bottom of the cavity increases with the increase in the cavity diameter, and the larger the cavity diameter is, the more significantly compressive stress concentrates in the left and right cavities.
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FIGURE 6. Crack propagation, force chain distribution, and displacement vector diagrams of SCS-20, SCS30, and SCS-40 at the peak of axial stress under triaxial cyclic load.




Number of Micro-Cracks and Mechanical Properties

The mechanical parameters extracted from the stress-strain curve can be a good reflection of the mechanical properties, and the damage mechanism (Zhao et al., 2018) of rock can be studied through the evolution law of micro-cracks. The influence of axial stress on the axial strain, horizontal strain, volume strain, and micro-crack number of SCS-30 under triaxial cyclic loading are shown in Figure 7A. Due to the action of cyclic load, the rock constantly generates damage accumulation. With the increase of cyclic levels, the hysteresis loop of the axial stress-strain curve constantly moves forward, which indicates that the plastic deformation of the rock also increases, and the distribution of hysteretic loops becomes sparse through compaction. When cyclic axial stress is close to the axial stress peak, horizontal strain suddenly increases. This is because the damage accumulation of the specimens reaches a peak with the increase in the cyclic axial stress, and local damage begins to occur. As the stress increases further, more and more micro-cracks occur, and the specimen continues dilating (Zhao et al., 2017; Lin et al., 2019c). It can be seen from the micro-crack number curve that the number of cracks grows slowly in the early stage of the cycle and increases as the cycle progresses. The “non-memory” phenomenon exhibited by the crack number curve is enhanced. This phenomenon is most obvious at the last cycle level, before reloading to the maximum axial stress of the previous cycle, when the crack number has increased significantly. Figure 7B depicts the variation in the number of micro-cracks and peak strength with cycle number to compare the SCS-20, SCS-30, and SCS-40 specimens. It can be seen that the axial stress peak of the specimens under the triaxial cyclic load decreases significantly with an increase in the cavity diameter. The number of micro-cracks in the three specimens has the same growth trend throughout the triaxial cyclic loading process. At the beginning of cyclic loading, micro-cracks are barely formed, which is called the quiet stage. Then, the number of micro-cracks begins to increase slowly, and this stage is called the initial increase stage. When the upper limit stress of cyclic loading approaches its peak, the number of micro-cracks begins to increase sharply, and this stage is called the rapid increase stage. The number of micro-cracks varies with the diameter of the cavity. The larger the cavity diameter of the specimen is, the shorter the quiet stage will be, and the rapid increase stage will be reached at a lower cycle number. For example, at the sixth cycle, the number of micro-cracks in SCS-40 has increased significantly, while the numbers in SCS-20 and SCS-30 are still in the initial increase stage, which indicates that local damage begins to occur in SCS-40, and crack number also rises sharply at this stage. At this time, the rock specimen is almost destroyed.
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FIGURE 7. (A) Influence of axial stress on the axial strain, horizontal strain, volume strain, and crack number of specimen SCS-30 under triaxial cyclic loading. (B) Numbers of micro-cracks with the number of cycles and peak strength.


As shown in Figure 8, with the increase in cavity diameter, the average elastic modulus decreases significantly. This is because an increase in cavity diameter promotes the horizontal deformation of the rock. During the whole process of cyclic loading and unloading, the average elastic modulus decreases with an increase in cycle number. The decrease rate of the average elastic modulus shows the characteristics of “slow first and fast later,” and this characteristic becomes more obvious in the cavity with a larger diameter. The Poisson’s ratio of granite increases with the increase in the cycle number, and the larger the cavity diameter is, the greater the increase will be. With the increase in cyclic level, local failure occurs inside the rock specimen, internal cracks develop continuously, and the stress concentration on either side of the cavity is strengthened. Therefore, the growth rate of horizontal strain is higher than that of axial strain. From the displacement vector diagram in Figure 6, it also can be seen that the horizontal displacement of particles on the left and right sides of the cavity increases with the increase of cavity diameter, so the increase in Poisson’s ratio is also greater.
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FIGURE 8. Influence of cycle number on the average elastic modulus (black) and Poisson’s ratio (red) in SCS-20, SCS-30, and SCS-40.




Principal Stress Distribution Around a Circular Cavity

Recording the local stress distribution data around the cavity can further reflect the influence of cyclic loading on the cavity specimen. Therefore, the method of measuring a sphere is adopted to measure the local stress of the cavity. As shown in Figure 9, eight measurement spheres with different directions and symmetry about the center of the cavity were generated on the XZ plane (Y = 0). In order to verify that the results of this group of measurement spheres were representative, three groups of measurement spheres around the cavity at different positions on the Y-axis (Y = −40, 0, 40 mm) were set to compare and monitor stress. The results showed that the stress measurement results of each group were basically the same, so the group of measurement spheres with Y = 0 was used for monitoring. The size of the measurement sphere also needs to be taken into account. If the measurement sphere is too large or too small, the measured data may not truly reflect the stress field. By analysis (Itasca-Consulting-Group, 2014; Liu et al., 2016), a measurement sphere with a diameter of 7 mm is adopted.
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FIGURE 9. Arrangement of measurement spheres (measurement spheres around a circular opening).


The measurement sphere is used to monitor the maximum principal stress (σ1), intermediate principal stress (σ2), and minimum principal stress (σ3) around the cavity under triaxial cyclic loading. The state of the stress field around the cavity can be obtained by extracting the monitoring results of each measurement sphere. Figure 10A shows the stress field of σ1, σ2, and σ3 in SCS-20 at different cycle numbers. The shape of the stress fields of σ1, σ2, and σ3 are similar. The σ1 value of the measurement spheres in all directions around the cavity increases with the number of cycles, and the closer the measurement sphere is to the left and right boundary of the specimen, the larger σ1 is. This is consistent with the phenomenon of compressive stress concentration in Figure 5. The upper limit stress of the cyclic load in each stage is greater than the σ1 values of the upper and lower parts of the cavity, but far less than the σ1 values of the left and right sides of the cavity. The σ1 values of the left and right sides are about five times those of the top and bottom parts of the cavity. In the initial several cycles, σ2 on the upper and lower sides of the cavity appears as compressive stress (σ2 is positive). As the number of cycles increases, it appears as tensile stress (σ2 is negative). This is because at the beginning of the test, σ2 appears as compressive stress under the suppression of confining pressure, but as the upper limit stress increases, the suppressing effect of confining pressure is canceled out, and σ2 at the upper and lower parts of the cavity appears as tensile stress. This verifies that there is no crack in the upper and lower portions of the cavity in the initial stage of the cyclic loading, and a long macroscopic crack is generated after the sixth cycle. Moreover, σ3 also exhibits a similar law to σ2 during the entire cyclic loading process. When the cyclic upper stress approaches the peak strength, the trend of the stress field of σ1, σ2, and σ3 is almost the same. The difference in σ1 between two neighboring measuring spheres is much larger than that in σ2 and σ3.
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FIGURE 10. σ1, σ2, and σ3 stress fields of (A) SCS-20, (B) SCS-30, and (C) SCS-40 at different cycle numbers (Unit: MPa).


Comparing Figures 10A–C, the stress distributions surrounding the cavity of SCS-20 are approximately the same as those of SCS-30 and SCS-40. Under the same number of cycles, the σ1 values on the left and right sides of the cavity increase with the increase in cavity diameter. However, the change in the cavity diameter has little effect on the σ1 values of the upper and lower sides of the cavity. During the experiment with three samples, σ2 changes from compressive stress to tensile stress, and the larger the cavity diameter is, the lower the number of cycles required for σ2 to become negative. For example, at the seventh cycle, the σ2 value in the top and bottom of the cavity of SCS-40 is −8 MPa, while it is positive in sample SCS-20. The increasing trend of σ2 increases as the cavity diameter increases. The σ3 values of the left and right sides of the cavity increase more sharply with the increase in the cavity diameter, while the σ3 values of the upper and lower sides of the cavity are not affected.



CONCLUSION

(1) Under triaxial cyclic load, tensile cracks appear at the top and bottom of the cavity and parallel to the direction of maximum principal stress. Shear cracks appear on both sides of the cavity with an increase in cyclic level. An “X”-shaped shear failure zone forms around the cavity, which is consistent with the theoretical results of Kirsch’s formula in elastic mechanics.

(2) The effects of cavity diameter on tensile cracks and the compression-shear failure zone were studied, and the changes in particle displacement and compressive stress concentration on the two sides of the cavity as the cavity diameter increased were analyzed.

(3) The effects of cavity diameter on peak strength and number of micro-cracks under triaxial cyclic loading were analyzed. The changes in elastic modulus and Poisson’s ratio at different cavity diameters and different cycle stages were discussed in numerical ways.

(4) The stress field surrounding the cavity was further analyzed by the method of a measuring sphere, and the stress fields of σ1, σ2, and σ3 under different apertures were analyzed and compared.
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Freeze–thaw problems need to be solved urgently for the construction of projects in the alpine mountain areas. Freeze–thaw cycle tests with different cycles were carried out after water filled in the crack. Combined with the theory of frost heaving mechanics and fracture mechanics, the failure modes and mechanical characteristics of crack growth are analyzed after the freeze–thaw cycle test. The research results showed the crack growth increase with the number of freezing–thawing cycles. Cracked rock failure types are divided into four types. The Poisson's ratio, elastic modulus of rock and water-ice medium, and the equivalent volume expansion coefficient of water–ice medium determine the size of frost heaving force generated in fractured rock. The upper-saturated crack of limestone and red sandstone produces pure mode-I fracture under the action of the freeze–thaw cycle. The cracks in the fractured rock mass will extend along the direction of this structural plane when there is a visible weak structural surface in the rock mass. These research results can provide a reference for the freezing and thawing splitting effect caused by rainwater infiltration in mountainous alpine areas.

Keywords: fissure water, lithology, freeze–thaw, fracture mechanics, failure characteristics


INTRODUCTION

Coupled with the complex geological conditions, the freezing and thawing problems in the alpine mountains are incredibly prominent with the large-scale construction of projects in the alpine mountains. Engineering problems related to freezing–thawing urgently need to be solved (Chen and Lin, 2019). The problem of freezing and thawing in the alpine mountains comes not only from the temperature difference between day and night during the construction process, but also from the influence of severe weather such as freezing rain, snow, hail, chemical corrosion, and so on (Style and Peppin, 2012; Lin et al., 2019a,b). These factors cause the freezing–thawing effect in fractured rock mass to be more intense (Brideau et al., 2006; Matsuoka and Murton, 2008; Liu et al., 2016). The influence of water on rock brittleness and rock mass stability is studied here. The weakening effects of water and the influence of underground water on the stability of surrounding rock were studied from an energy viewpoint (Chen et al., 2017, 2019). The frequent freezing and thawing of pore water inside rock expands the cracks and pores and promotes the development of new micro-fractures (Park et al., 2015) and thus does excessive damage to rock engineering (Demirdag, 2013; Wang et al., 2019). In the process of the freezing–thawing cycle, rainfall infiltration causes microscopic rock damage, frost heave, and instability.

At present, the research on freezing–thawing effect has made many achievements. The research results mainly focus on the theoretical model of freeze–thaw damage, the mechanism of freeze–thaw damage, and the influencing factors of damage. Yavuz et al. (2006) did experiments on the freezing–thawing cycle and mechanical properties of 12 kinds of carbonate rocks. The degradation model of a rock was obtained by multiple regression analyses. A series of freeze–thaw damage models based on laboratory tests and theoretical deduction was proposed (Yang et al., 2002; Pudasaini and Krautblatter, 2014). The parties listed above conducted research on the freeze–thaw damage model. Following this, research of freeze–thaw damage mechanism and influencing factors was conducted. It was found that water content has a certain influence on freezing–thawing damage of rock through the freezing–thawing failure test of tuff with different water contents (Chen et al., 2004). Wang et al. (2016) reviewed the freeze–thaw weathering of rocks in cold regions. They pointed out that the process of ice segregation in the crack was the main cause of crack growth. The results of the deformation and failure characteristics under single and multiple freezing–thawing cycles were also obtained (Yamabe and Neaupane, 2001; Stacey, 2016; Lu et al., 2019). However, most of the above studies focus on the effect of micro-fractures in intact rocks. There are few studies on macroscopic fractures, especially on freezing–thawing experiments after water fills in fractures. However, it has been shown that the structural surface—or the large crack—often plays a controlling role in the stability of a rock mass (Zhao et al., 2016, 2017a,b,c). Thus, the freezing and thawing on the macroscopic fractures is worth further study in the alpine region. Based on the theory of fracture mechanics, the fracture characteristics of different lithological specimens caused by local damage under the freezing–thawing cycle were analyzed using the numerical simulation software FLAC3D. It was found that the joint structure in the rock controls the damage path of the freezing–thawing damage. The structure of rock itself has a significant influence on crack propagation. The following research results can provide a reference for the freezing–thawing splitting effect caused by rainwater infiltration in the alpine area.



TEST PROGRAM AND RESULTS


Preparation of Rock Specimens

The rocks used in the experiment are four different lithologic rocks (granite, limestone, killas, and red sandstone) commonly found in the Zheduo Mountain (101°48′E, 30°06′N) within the Sichuan–Tibet line research area (Figure 1). Located in Ganzi Prefecture in Sichuan province, China, the Zheduo mountain is 4,298 meters above sea level. The mountain is an important geographical dividing line, with the plateau uplift to the west and the mountain canyon to the east. The specimens were obtained by using the water-drilling method, and the specimens were prepared as cylinders with a diameter of 50 mm and a height of 100 mm. The allowable deviation of non-parallelism of the two ends is ± 0.05 mm, and the allowable deviation of perpendicularity is ± 0.25°. We performed acoustic tests on the rock to ensure its integrity and uniformity. Integrity and uniformity met the test requirements. The experimental parameters of the intact rock specimen are shown in Table 1.


[image: Figure 1]
FIGURE 1. Satellite image of Zheduo mountain.



Table 1. Basic rock parameters.
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The pre-formed crack specimen was processed on the basis of the complete test piece. The purpose was to simulate the tension crack at the top of the slope and the unloading crack at the bottom of the slope, and to study the freezing and thawing ice-splitting effect caused by rainfall through the infiltration rock mass at the top of the slope. The specimen had two joints, one of which ran vertically downward from the middle of the upper top surface and the other which ran obliquely upward 45° from the lower-left corner of the specimen. The depth and width of the upper crack were 45 and 6 mm, respectively; the length of the rock bridge was 30 mm; and the width of the lower crack was 3 mm. The prepared rock specimen is shown in Figure 2. In order to reduce the experimental error caused by the defects of the specimen itself, the longitudinal wave velocity test and the density test were performed on all the specimens prior to the test, and the specimens with relatively close wave speed and density were selected for testing. The test divided the specimens into four groups according to the number of freezing–thawing cycles they were subjected to: 20 times, 45 times, and 60 times, respectively. Four types of lithology were tested in each group, with three specimens of each lithology (parallel test) and 27 specimens in total. The test was conducted in accordance with the Chinese standard for test methods of engineering rock mass (GBT 50266-2013).


[image: Figure 2]
FIGURE 2. Cracked rock specimen preparation. (A) Cracked rock specimen. (B) Cracked specimen model.




Test Program

A freeze–thaw tester with a TEMI 580 temperature and humidity regulator was used. This device uses a programmable controller to set the temperature and humidity, which can significantly eliminate the errors caused by human factors. The temperature control scope ranges from −40 to 150°C, with an accuracy of ± 0.1°C; humidity control ranges from 0 to 100% RH with a precision of ± 0.1% RH.

The freezing temperature in the automatic freeze–thaw cycle test chamber is −20°C. The melting temperature is 20°C. The temperature drop rate is set to V = 4°C/min. The freezing–thawing cycles were 15, 30, 45, and 60 min, respectively. Due to the large temperature difference between daytime and nighttime in the research area of the Zheduo mountain, the test set the freezing time for 1 h and the thawing time for 1 h in order to study the failure characteristics of the rock freezing–thawing cycle in a short period. The cycle time was 2 h. The 2 h cycle meets the requirements of complete freezing and complete ablation of water through the pre-test. The upper crack of the rock specimen was sealed with 704 silicone rubber paste and flexible material. The water with the same height as the crack was injected. In time, water was injected to avoid excessive evaporation. The rock specimen was placed in the freeze–thaw test chamber. The crack propagation and failure of different lithologic rock specimens were observed.



Test Results

The characteristics of cracked rock specimens after different cycles (20, 45, and 60 min) of freezing–thawing were observed according to the photos of typical rock specimens. The types of crack damage caused by freeze–thaw were classified into the following four types (Table 2).


Table 2. Freeze–thaw failure processes with different cycles.

[image: Table 2]

It can be seen from the red sandstone failure processes that the depth of crack penetration along the rock bridge is deepened with the increase of the number of freeze–thaw cycles (Table 2). No secondary cracks and wing cracks appear during the crack propagation process.

Stress concentration was formed at the end of the upper crack in limestone. The crack expands at a low angle. It can be seen from the limestone failure processes that the depth of crack penetration along the rock bridge is deepened with an increase in the number of freeze–thaw cycles (Table 2). No secondary cracks and wing cracks appeared during the crack propagation process.

The length of the circumferential crack in killas increased with the increase of the number of freeze–thaw cycles (Table 2). The crack of the killas freezing–thawing 60 times from the half-circle crack of the freeze–thaw cycle became a ring crack. The killas under 60 freezing–thawing cycles developed from a half-circle cracks with 20 freezing–thawing cycles to a circle of cracks.

The granite show no obvious signs of deformation and failure (Table 2). However, this does not mean that the freezing–thawing does not affect and destroy granite. Freezing–thawing of crack water will positively affect the mechanical properties of granite.

It is helpful to take reasonable measures to prevent and control the freezing–thawing damage in alpine and cold mountain areas by analyzing the causes of damage in cracked rocks under the action of the freezing–thawing cycle. It can be observed from Figure 3 that the rocks of four lithologies correspond to four failure types. Red sandstone mineral particles are evenly distributed without an obvious soft surface. Stress concentration is formed at the tops crack tip under the repeated action of freezing–thawing load. As a relatively weak part of the rock, the crack continues to expand downward along the rock bridge and has a tendency to penetrate the rock bridge. Three sets of nearly vertical joints are developed in limestone, which are potential weak parts of the rock. The limestone may develop a set of weak faces along the tip of the upper crack with the opposite dip to the lower crack. It leads to crack propagation and penetration failure along the shortest path and the surface with lower strength. Killas develop parallel planes perpendicular to the vertical direction, which are potential weak surfaces with low strength and softening when exposed to water. The water in the upper crack has the horizontal load of reciprocating action under the freezing–thawing cycle. This is the reason why the rock initiates cracks along the weak surface and expands along the ring. Granite has high strength and excellent mechanical properties. It is hard, with low porosity. Therefore, less water seeps into the rock. The frost-heaving force produced by water in the upper crack is unlikely to initiate the crack. Frost heaving has a weak effect on rocks.


[image: Figure 3]
FIGURE 3. Freezing–thawing failure characteristics of specimens. (A) Red Sandstone. (B) Limestone. (C) Killas. (D) Granite.





FAILURE CHARACTERISTICS OF CRACKED ROCK


Fracture Mechanics Analysis of Cracked Rock

Due to the existence of the crack, the rock mass easily produced directional damage along the ends of the cracks under the action of external loads, thus exhibiting typically localized damage phenomena. The experimental research object was simplified into a plane strain problem. For the equal-width, vertical, and fully frozen fractures, the internal frost heave model can be simplified to the normal-strain tension model before the macro-cracks are produced (Zhou et al., 2011). It is a pure mode-I fracture based on the idea of fracture mechanics. The corresponding stress intensity factor expression is

[image: image]

where σf is the effective frost-heaving stress inside and outside of the crack, σy is the difference between the frost-heaving stress inside the crack [σy(in)] and the frost heaving stress outside the crack [σy(out)]. a is the semi-length (m) of the crack.

For a pure mode-I fracture, K1 > K1c when (stress intensity factor threshold), the crack begins to break under the action of repeated freeze–thaw cycles. The breaking angle β is 0°. Therefore, the critical value of the maximum principal stress in the initial crack zone is the tensile strength (σt) of the rock. The corresponding initial crack growth length r0 is

[image: image]

Considering the size estimation of the plastic zone, and starting from the progressive damage zone at the crack tip, the expressions of the three principal stresses at the tip of the mode-I fracture are as follows

[image: image]

where r is the polar coordinate radius; θ is the polar coordinate angle.

According to the maximum circumferential tensile stress criterion, the crack propagates in the direction of theta corresponding to σ2max. The direction meets the following conditions:

[image: image]

Differentiate the second formula in (2). The breaking Angle is determined by the following equation: K1 sin θ = 0 Therefore, θ = 0.

When θ = 0, the size of the plastic zone along the direction of the breaking angle is

[image: image]

When both KIand σy reach the critical state of fracture, the progressive damage in this direction is transformed into a macroscopic fracture.

This theory can explain the fracture process of red sandstone with good uniformity. The initial crack can be considered as the fracture process of a pure mode-I fracture in the freezing–thawing cycle. The initial expansion direction should be approximately consistent with the strike angle. Extension length is related to fracture toughness and tensile strength of rock. When the critical state is reached, the crack breaks and the progressive damage zone is transformed into the fracture zone. The conclusion is consistent with the laboratory test. The initial expansion of the crack extends from the end along the crack while under the process of freezing and thawing.



Numerical Simulation of Freeze–Thaw Cycle

In order to further study rocks with natural bedding, the finite difference calculation software FLAC3D was used for numerical simulation. The frost-heaving force in cracked rock mass is closely related to the properties of rock mass and water–ice medium. This is mainly reflected in the Poisson's ratio, elastic modulus of rock and water-ice medium, and the equivalent volume expansion coefficient of water–ice medium (Liu et al., 2016; Zhou et al., 2018). Killas specimens with natural bedding are selected as representatives for simulation. FLAC3D numerical simulation software was used to approximate the killas as a transversely isotropic material. The rock mechanics model was adopted as a spreading joint model. The foliation plane is perpendicular to the rock bridge. Joint surface, rock cohesion, internal friction angle, and tensile strength were determined, respectively. The ice mechanics model uses an elastic model. The ice mechanics model adopts elastic model. The hydraulic model adopts the empty model. All thermal models adopt isotropic temperature models. Relevant parameters are shown in Table 3: E is the modulus of elasticity (GPa); μ is Poisson's ratio; c is cohesion (MPa); ϕ is the internal friction angle (°); σt is the tensile strength (MPa); cohesion, internal friction angle, and tensile strength were assigned to the rock and joint, respectively; k is the coefficient of heat conduction [W ▪ (m°C)−1]; αt is the coefficient of linear expansion (10−6 ▪ °C−1); ρ is density (kg ▪ m-3); and Cv is the specific heat capacity [J ▪ (kg°C)−1].


Table 3. Model mechanical and thermal parameters.

[image: Table 3]

The grid division of the plane model is shown in Figure 4. It is divided into two groups, rock mass and ice water, with a total of 1,270 units and 2,726 nodes. The blue grid is the rock mass. The red grid is the ice water. The green grid is the fracture. The mesh size is 2 mm. The boundary condition is the bottom vertical constraint. The temperature boundary condition is constant temperature around. The change in temperature with time is shown in Table 4.


[image: Figure 4]
FIGURE 4. Model meshing.



Table 4. Boundary temperature varies with time.
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The frost-heaving force in the freezing–thawing process causes the tensile stress inside the rock mass to exceed its tensile strength. The frost-heaving force can result in tensile failure in the freezing–thawing process. The volume of rock and soil increases. Therefore, it is appropriate to use volumetric strain increment (VSI) as a quantitative indicator of tensile cracks in rocks. The yielding rock mass group unit is redefined as the fracture group. Based on the dynamic distribution process diagram of fractures group and VSI indicators, the propagation trend of cracks with the increase of the number of freezing–thawing cycles was analyzed. The simulation results are shown in Figures 5, 6.


[image: Figure 5]
FIGURE 5. (A–F) Distribution process diagram of killas specimen fractures' formation.



[image: Figure 6]
FIGURE 6. (A–F) Diagram of VSI distribution process of killas specimen.


It can be seen from Figure 5 that the killas specimen is first destroyed at the upper crack tip as the number of freeze–thaw cycles increase. Then, it expands to both sides, gradually passing through the loop, and finally the rock specimen is damaged. It can be observed from Figure 1 that the maximum value of volumetric strain increment starts from the tip of the upper crack, then it expands to both sides along the rock bridge and penetrates in a circle. Finally, the rock specimen is damaged. It can be seen from Figures 5, 6 that the crack growth of the specimen killas model starts from the top of the rock bridge and extends along the vertical rock bridge. This is basically consistent with the results of the freeze–thaw test. The fracture mechanics analysis results of red sandstone and the numerical simulation results of killas show that, under the action of freezing–thawing cycle, the crack of the fractured rock mass will expand along the direction of the weak structural plane when the rock mass has an obvious weak structural plane. Killas and limestone belong to this type of damage. The crack will expand along the direction of the rock bridge when the rock mass is homogeneous. Red sandstone belongs to this type of damage.




DISCUSSION

The freezing–thawing cycle is a very important inducement of rock mass failure in the alpine mountains. Most of the studies related to freezing–thawing are conducted with intact rocks under different cycles of freezing–thawing (Tan et al., 2011; Song et al., 2015; Wang et al., 2017).

The damage mechanism of micro-cracks in rocks under freezing–thawing action is studied, without considering that macro-cracks may have a more significant impact. In this paper, freezing–thawing tests were carried out at different times after water was filled in the cracks for specimens of four different types of lithology.

The experimental results show that the internal structure of the rock largely determines the failure type of the rock, especially the control function of the weak structure surface. The rock structure has more influence on the rock failure mode compared with the influence of pre-fabricated cracks. The repeated freezing–thawing cycle of fissure water is a process of repeated fatigue loading and unloading on the end of the fissure, which does not necessarily exceed the tensile strength of rock. The initial crack propagation length of homogeneous rock is related to fracture toughness and tensile strength of rock. Indeed, Park and colleagues came to the same conclusion (Park et al., 2015). The influence of water in freezing–thawing cycles in macroscopic cracks is highlighted compared with the previous research results (Zhang et al., 2004; Fatih, 2012; Lai et al., 2012).

However, there are some shortcomings in this paper. During testing, less water permeated into the rock through the upper crack, turning into pore water. The effects of freezing and thawing on the pore water have not been considered. The frost heaving force generated by pore water in the rock may cause some damage to the rock. However, due to the small porosity and less water infiltration of the selected specimen in this test, it was ignored in this paper. The experimental conditions are still different from the real rock mass environment. Not only that, the fracture arrangement has some particularity. It can only represent one fracture combination. But the distribution of cracks in engineering varies greatly. Therefore, whether the research results can be directly applied to actual engineering practices remains to be further studied. The research results can provide a reference for the freezing–thawing splitting effect caused by rainwater infiltration in the alpine area. In future studies, we will consider how to avoid this situation and how to conduct further research on the effect of fissure water.



CONCLUSION

After water filled the cracks of rocks, freeze–thaw cycle tests of different times were carried out, and the failure characteristics of four different lithological specimens were analyzed by means of fracture mechanics and numerical simulation. The following conclusions were obtained:

(1) There are four types of fracture rock freeze–thaw failures: passing through the rock bridge along the tip of the upper crack; expanding in the opposite direction of the lower crack along the upper crack tip; extending circumferentially along the tip of the upper crack; and no visible damage to the rock specimen.

(2) The type of crack propagation is obviously influenced by the structure and strength of rock mass. Rocks with good homogeneity tend to spread along rock bridges; it expands along the weak structural plane when there is a weak structural plane (or natural bedding) in the rock. The fracture water freeze–thaw cycle is essentially a process of repeated fatigue loading and unloading of fracture ends. The crack propagation depth increases with the increase of freezing–thawing times, and all of them germinate from the tip of the upper crack.

(3) Based on fracture mechanics, the fracture characteristics of the initial extension end of cracks in red sandstone under the freezing–thawing cycle were analyzed. The initial crack in homogeneous rock specimen can be considered as a pure mode-I fracture. Crack propagation length is related to fracture toughness and tensile strength of rock.
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The anchorage structure is a complex bearing system with undetermined failure modes. According to component characteristics, the segmented diagram for the bearing characteristics and the bearing structure at the anchorage segment were established. In addition, we described the failure patterns of the subsystems of the anchorage structure and further established the series model for the reinforced system by bolts. Moreover, according to the total displacement and the time-dependent deformation characteristics of the bolt, a non-linear creep model to analyze the viscoplastic deformation characteristics of the M-C element was established. Furthermore, considering the shear strength of the anchored soil, it was assumed that the cohesion and the internal friction angle were random variables following the Weibull distribution. Using the modified first-order second-moment method (the JC method), the analytic expression of the time-dependent index of the anchorage system was obtained. An example showed that the variable coefficients of the cohesion and the internal friction angle were exponentially and linearly related to the reliability index, respectively. Simultaneously, the reliability index was exponentially related to time.

Keywords: anchorage, series failure mode, creep model, reliability, JC method


INTRODUCTION

Anchorage, with high bearing capacity, controllable deformation, and feasibility in complex environment, has been widely used to reinforce geotechnical engineering and prevent engineering failure. More importantly, because of the improvement in the shear resistance of the soil or the rock, anchorage has been a hot Research Topic in transportation slope engineering, underground engineering, and the slope in open mine (Eisawwaf and Nazir, 2006; Ivanovi and Neilson, 2008; Sahoo and Kumar, 2012; Lin et al., 2013; Martin et al., 2013; Zhao et al., 2016). Previous studies extensively analyzed the distribution characteristics of the lateral resistance at the anchored segment, the load–displacement relation, the ultimate pulling force, the loss of the prestress, and the design optimization (Cai and Ugai, 2003; Kahyaoglu et al., 2012; Zhao et al., 2019a). Generally, the mechanical properties of the anchorage structure are assumed to be constant. Thus, the bearing capacity and stability are fixed. However, the influence of the uncertainty of the anchorage material and the creep on the mechanical properties and the selection of the design parameter are ignored. Further, this ignorance may misjudge the anchorage state and cause engineering failure. Thus, it is of great engineering value to evaluate the long-term stability of the anchorage structure and analyze the failure pattern. Underground erosion, chemical corrosion, engineering vibration, and stress release may impair the bearing capacity, accelerate the prestress release, and increase the displacement. Thus, engineering failure frequently occurs when the anchorage parameters meet the design requirement (Wang et al., 2014; Zhang et al., 2019). Considering the above complex conditions, it is a great challenge to study the corresponding failure model, the non-linear creep model, the reinforcement result, and the stability reliability.

Previous researchers have extensively investigated the failure model and the reliability of the anchorage structure. Windsor (1997) established a reliability model according to the anchorage structure in the tunnel and the stress–displacement curve of the anchorage material. They further proposed the function for reliability evaluation based on the residual stress. This model can be applied in the relatively intact surrounding rock; however, the effect of the accelerated displacement on the instability of the anchorage was ignored in soft rock engineering. Phoon and Ching (2015) obtained the distribution of characteristic parameters and the characteristics of the probability density based on the reliability analysis in anchored engineering. They revealed the differences in the application of the mode distribution, the normal distribution, the logarithmic normal distribution, and the even distribution. Further, they concluded that the extreme value distribution is more proper for the calculation of the static reliability index. However, the effect of service time on the anchorage parameters was ignored. Thus, only temporary characteristics have been investigated. Zhang et al. (2006) established a resistance reduction model by analyzing the random process of the structural function. They found that the resistance decreases with the increase in time, whereas the variance increases with the increase in time. Duzgun et al. (2003) investigated the planar failure model in the rock slope and suggested that series analysis be conducted in the reliability analysis. The above studies significantly contribute to understanding the temporary reliability instead of the time-dependent reliability of the anchorage structure. Especially, the effect of the long-term strength on the reliability lacks sufficient investigations.

In the calculation of the reliability, basic random variables are first determined according to the failure mechanism and the failure mode. Then, probability functions and distribution functions are selected to analyze the variables. Moreover, the calculation on the failure probability yields the reliability index. Currently, approximation methods, including the first-order reliability method (FORM), the second-order reliability method (SORM), the Monte Carlo method (MCS), the statistical moment method, the random finite-element method, and the optimization method, are used to analyze the reliability indexes because of the difficulty in integration. Among these methods, FORM has been widely used because of the feasibility of the determination of the function, the simplicity of the parameters and the calculation process, and the high precision. However, the large variation in the mechanical properties of the anchorage material at various segments and the effect of environmental factors may result in difficulties in determining the probability distribution. On the other hand, the precision of the JC method can meet the requirement even when the random variables are undetermined and the simulation numbers are limited. Thus, the present article analyzes the effect of the creep and time-dependent characteristics on the reliability of the anchorage system, considering the failure characteristics of the anchorage components. We established the segmented diagram for the bearing characteristics and the bearing structure at the anchorage segment and further established the series model for the bolted reinforced system. In addition, the analytic expression of the time-dependent index of the anchorage system was obtained, and the variable coefficients of the cohesion and the internal friction angle are exponentially and linearly related to the reliability index, respectively. Simultaneously, the reliability index is exponentially related to time between the variance in cohesion and internal friction angle, and the reliability indexes.



THE SERIES MODEL


Bearing Structure

The tension transfer of the bolt to the mortar is achieved by the shear strength on the bolt-anchorage and anchoraged soil interfaces (Wang et al., 2017; Zhao et al., 2019a,b). Thus, the bearing capacity depends on the bond strength of the anchored segment and the shear strength of the soil. Anchorage may fail when debond or soil submit occurs. Extensive engineering examples show that common anchorage failure includes shear failure of the bolt and the mortar, the debond on the mortar–soil interface, the shear failure of the mortar, the tensile-shear failure of the soil, the tensile failure of the bolt, and the local compressive-shear failure of the anchorage end. The highly concentrated shear stresses on the mortar–soil interface and in the soil are responsible for dominating failures on the mortar–soil interface and the shear failure of the soil. According to the load transfer method and the failure pattern of the anchorage, Figure 1 shows the bearing structure of the bolt and the shear stress distribution.


[image: Figure 1]
FIGURE 1. Shear stress and bearing structure: la, lb, lu, lf, lc, rp, and ra are the anchorage length, the anchored boss length, the debond length, the free length, the shear stress coupled length, the plastic radius of the anchored soil, and the radius of the anchorage.




The Anchorage System for the Multifailure Series Model

Figure 1 shows that the anchorage system consists of the anchorage end, the free segment, the anchored segment, the mortar, and the surrounding soil. Clearly, many internal and external factors may affect the load bearing stability. Thus, many failure modes may occur. The present article divides this system into three subsystems including the bolt system, the mortar system, and the surrounding soil system. The failure of any subsystem may result in the failure of the entire anchorage system. Thus, the failure mode of the anchorage system is a series system (Figure 2).


[image: Figure 2]
FIGURE 2. Series model of the anchorage structure.


To facilitate the study on the failure probability of the anchorage system, we assume that:

(1) The soil and the mortar are homogeneous materials.

(2) The loss of the prestress and the weight of the bolt are negligible.

The failure theory of the series system yields the failure probability, P(X), and Xm(m = 1, 2, ······6) denotes the failure events.

[image: image]

where X1i denotes the failure mode of the mortar subsystem. i, being equal to 1, 2, and 3, correspondingly denotes the shear failures between the bolt and the mortar, the shear failure between the soil and the mortar, and the shear failure in the mortar, respectively. X2i is the failure mode of the soil subsystem. i, being equal to 4 and 5, denotes the tensile-shear failure in the soil and the local shear failure at the anchor end. X3i is the failure model of the bolt subsystem, and i, being equal to 6, denotes the tensile submit of the bolt.

According to the six independent failure modes, the failure probability is:

[image: image]

where Pfi denotes the failure patterns.

Considering the shear failure between the soil and the mortar and the shear failure in the soil, the failure probability of the anchorage system is (Ditlevsen and Madsen, 1996):

[image: image]

where Pf1 and Pf2 are the failure probabilities of the mortar subsystem and the soil subsystems, respectively.




CREEP CHARACTERISTICS AND TIME-DEPENDENT RELIABILITY


The Non-linear Creep Model and the Time-Dependent Shear Resistance Characteristics

The strength of the bolt is much larger than that of the soil or the mortar; thus, the elastic deformation instead of the negligible plastic deformation of the bolt dominates. In addition, the plastic deformation of the soil, characterized by accelerated deformation, is the maximum (Equation 7). In the creep analysis, the M-C plastic element is used to depict the accelerated creep deformation. Simultaneously, elastic and plastic deformation may form under the instantaneous load. The traditional plastic element can depict the corresponding plastic deformation. The total bolt displacement (ST) consists of the displacement at the free segment (Sf), the displacement at the anchored segment (Sa), and the relative shear displacement on the soil–anchorage interface (Ss).

[image: image]

The total displacement of the soil (ssf) consists of the displacement at the anchored segment (ssa) and the compressed displacement at the anchorage end (ssh).

[image: image]

Figure 3 shows the creep model of the anchorage system with three stages, considering the constituent of the structure and the displacement characteristics of the anchored material.


[image: Figure 3]
FIGURE 3. Creep model of the anchor structure: Es1, Es2, ηs1, ηs2, and τs are the elastic modulus, the viscoelastic modulus, the viscoelastic coefficient, the viscosity coefficient, and the shear strength of the soil, respectively; Ef is the elastic modulus of the free segment; Ea1, Ea2, and ηa are the viscoelastic modulus, the viscoelastic coefficient, and the viscosity coefficient of the anchored segment; Eg, ηg, and τf are the elastic modulus, the viscoelastic modulus, and the shear strength of the mortar.


For the elastic strain, εMC, of the soil, the one-dimensional function criterion (Mohr-Coulomb criterion) is:

[image: image]

The viscoplastic strain rate of the M-C plastic element is (Wang and Li, 2008):

[image: image]

where c, φ, and F0 are the cohesion, the internal friction angle, and the initial strength of the soil. Equations 6 and 7 yield the plastic strain.

The shear force of the bolt is responsible for the creep stress. When the shear stress is lower than the shear strength, the creep of the structure consists of attenuation creep and stable creep; otherwise, non-linear accelerated creep may occur.

The failures on the interface between soil and anchorage may damage the soil–anchorage structure. The cohesion and the internal friction angle are the main indexes for the soil strength. Extensive studies have shown that the cohesion and the internal friction angle continuously vary under constant load. In addition, shear strength frequently decreases. Thus, the creep property is critical to the stability of the anchorage structure. The time-dependent characteristics of the internal friction angle and the cohesion, the initial creep strength, and the long-term shear strength can satisfy the Mohr–Coulomb criterion (Wang and Li, 2008; Zhao et al., 2017a,b; Zhao et al., 2018):

[image: image]

[image: image]

where c0 and c∞ are the initial and long-term cohesion, respectively; φ0 and φ∞ are the initial and long-term internal friction angle, respectively; τ0f and τ∞ are the initial and long-term shear strength, respectively; σn is the normal stress.

With the shear creep results (c∞/c0 = 1/3 ~ 1/8, tanφ∞/tanφ0 ≈ 1) (Wang and Li, 2008), the ratios of the long-term values to the initial values are:

[image: image]

The shear creep results show that the cohesion for the specific time is non-linear to the load time and can be written as:

[image: image]

where ct and t are the time-dependent cohesion and the creep time, respectively; a and b are experimental coefficients, m is an experimental constant.

With the definition condition:

(1) t = 0, ct/c0 = 1;

(2) t → ∞, ct/c0 = 0.2◦

Substituting into Equation 10, the coefficients a and b can be written as:

[image: image]

Based on the logarithm form of Equation 10, the assumptions are as follows:

[image: image]

[image: image]

Thus, the linear equation is:

[image: image]

Then, the least-squares method yields the experimental constant, m. In the present article, m is equal to -1. Thus, the exponential equation of the time-dependent cohesion is:

[image: image]



Random Analysis of the Anchorage Parameters

The environmental variations and the uncertainties of the mechanical parameters of the soil may significantly affect the anchorage stability. The mechanical parameters of the anchorage structure include the mechanical properties of the soil, the bond strength on the interface, and the mechanical properties of the mortar and the reinforcement. Among these properties, the shear strength of the soil and the bond strength on the interface are critical. The cohesion and the internal friction angle of the soil, significantly affecting the reliability, are frequently random. The composition and the grain size of the soil, the environmental conditions, the stress conditions, the experimental methods, etc., are responsible for the randomness (Duncan, 2000). Practically, the internal friction angle and the cohesion are independently analyzed because the ignorance of the self-correlation can facilitate the calculation. In addition, the divergence on the correlation between these parameters prevents further investigation on the reliability. Moreover, the complication of the correlation coefficient hinders the calculation of the correlation coefficient. Furthermore, the design selection in the present regulations depends on the standard variation and the variation coefficient of the internal friction angle and the cohesion instead of considering the correlation coefficient.

The failure of the subsystem is responsible for the failure of the series anchorage system. Especially, the shear failure on the soil–anchorage interface significantly affects the stability of the system. Thus, the shear resistance is treated as the condition for the anchorage system stability. However, the anchorage failure depends on the minimum shear strength; in other words, the soil can reach the shear strength. Thus, in the present article, the failure mode of the subsystem, Xmn(m = 1, 2, 3; n = 1, 2, ······6), is the random variable. The cohesion and the internal friction angle are the basic random variables with a Mode III Weibull distribution.

The probability function of the Weibull III distribution is:

[image: image]

The distribution function is:

[image: image]

where x, m, a, and γ are the basic random variable, the shape parameter, the dimensional parameter, and the location parameter, respectively.

The distribution parameters are predicted based on the moment method. Then, the total moment is obtained based on the sample moment. Then, the location parameter, the shape parameter, and the dimensional parameter can be obtained based on the first-, second-, and fourth-order moment.
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Principles of the JC Method

The JC method is an internationally accepted method that is used to analyze safety reliability (Ditlevsen and Madsen, 1996). The JC method, based on the modified first-order second moment, can calculate the failure probability of the most dangerous structural point. It can change the non-normal random variables into normal random variables. With the Weibull distribution, the equivalent normalization is as follows:

For the verification point X*, the distribution function of the normal random variable (X′) is equal to the distribution function of the Weibull random variable (X). In other words, [image: image] is equal to [image: image]:

[image: image]

Equation 20 yields that:

[image: image]

Furthermore, the average value of the equivalent normal variable is:

[image: image]

Similarly, the probability density function of the normal random variable is equal to that of the Weibull random variable for the verification point X*. Thus, the probability density function is:

[image: image]

With Equation 21, this function can be written as:

[image: image]

The standard deviation of the equivalent normal variable is:

[image: image]

Using the modified first-order second-moment method, the reliability index, β, and the failure probability, Pf, are:

[image: image]

[image: image]

where φ(·) and Φ(·) are the normal probability function and the distribution function, respectively; fX(·) and FX(·) are the probability function and the distribution function of the non-normal random variable, respectively; g(·) is the function of the anchorage structure; [image: image] and [image: image] are the mean value and the normal deviation of the normal variable, respectively.



The Calculation of the Time-Dependent Reliability

Currently, the reliability calculation of the anchorage structure is based on the constant load, resulting in instantaneous reliability indexes. However, the time-dependent index is non-negligible. In the load transfer process, shear stress is non-linear. However, the anchorage effect depends on the shear resistance and varies with the increase in time. Thus, the stability reliability continuously varies.

With the load distribution in Figure 1, the axial stress along the bolt at the specific point is:

[image: image]

where R is the distance between the anchorage end and the point in the anchorage body. P is the concentrated load at the anchorage end, obtained by the load transfer at the bolt end.

Further, the axial stress on the anchorage–soil interface is:

[image: image]

where [image: image] is equal to y2 + z2 and σ is the axial stress.

Considering the shear failure probability, the axial stress on the residual bearing interface is (Duncan, 2000):

[image: image]

where [image: image] is equal to y2 + z2.

According to the definition of the shear stress on the interface and of the anchored soil, Equation 30 yields the shear stress of the anchored segment:

[image: image]

where Gs, Gg, Gc, Eg, rp, νs, and lb are the shear modulus of the soil, the shear modulus of the mortar, the shear modulus of the anchorage body and the residual soil, the elastic modulus of the anchorage body, the radius of the residual bearing zone, Poisson's ratio, and the anchorage length, respectively.

Equation 31 infers that the shear stress gradually decreases along the bolt length and is equal to zero at the bolt end. The shear stress reaches the maximum value ahead of the anchored segment. In other words, the ultimate shear strength has been fully utilized.

According to the M-C criterion, the shear strength, considering the time-dependent effect, is:

[image: image]

With Equation 14, the shear strength is as follows:

[image: image]

The normal stress, σn, of the anchored soil is:

[image: image]

With Equations 33 and 34, the shear strength is as follows:

[image: image]

where γs, φ, and ct are the density, the internal friction angle, and the time-dependent cohesion of the soil, respectively.

In the calculation process of the structure reliability, the safety margin is used to define the function, Z, of the shear strength of the anchorage material.

[image: image]

The limit state equation is:

[image: image]

where the shear stress, τ(x), and the shear strength, τf, are determined by Equations 31 and 35.

With Equations 26 and 27, the linear analysis of the function derives the time-dependent index:

[image: image]




CASE STUDY

According to the bearing characteristics of the anchorage structure, a tension-bolt anchorage structure was analyzed. The soil consists of homogeneous viscous clay with a random cohesion and an internal friction angle. To study the effect of the cohesion and the internal friction angle on the time-dependent index, the effect of the soil subsystem on the anchorage stability was mainly analyzed, considering the dominate failure characteristics. In addition, the effect of the bolt subsystem and the mortar subsystem is ignored. The soil subsystem mainly affects the variability of the cohesion and the internal friction angle. Extensive studies showed that the variability coefficient of cohesion, Vc, frequently range from 0.5 to 0.8. The corresponding variability span for the internal friction angle is 0.05–0.45. On the variability coefficient of the cohesion and the internal friction angle, for the cohesive soil, the larger value is taken, while for the sand soil, the smaller value is taken. These values are negatively related to the grain size. In the present article, the initial values of the cohesion and the internal friction angle were 20 kPa and 10°, respectively. Tables 1, 2 list the other parameters.


Table 1. Physical mechanical parameters of soil.

[image: Table 1]


Table 2. The physical calculation parameters of anchor structure.

[image: Table 2]

Figure 4 shows the relation curves of the reliability index and the main mechanical parameters. Clearly, the reliability index linearly decreases with the increase in the variability coefficient of the internal friction angle, Vϕ. Simultaneously, it exponentially decreases with the increase in the variability coefficient of cohesion, Vc. When Vc is higher than 0.3, the reliability coefficient approximates 0.4 and remains constant. Thus, the failure on the soil–anchorage interface is more sensitive to the cohesion.


[image: Figure 4]
FIGURE 4. Curve of reliability index and shear strength: (A) Curve of the reliability index and the internal friction angle, (B) Curve of the reliability index and the cohesion.


Figure 5 shows the curve of the reliability index and the creep time. Clearly, the reliability index exponentially decreases with the increase in the creep time. In other words, the increase in the creep time can promote the failure probability.


[image: Figure 5]
FIGURE 5. Curve of reliability index and creep time (Unit: h).




CONCLUSION

The analysis shows that the failures at the anchorage–soil interface and of the soil are dominant. According to the deformation and stress characteristics, we obtained six types of failure modes with independent failure characteristics and revealed that series failure is frequent. In addition, the non-linear creep model was established and the influence of shear stress transfer of the bolt on the accelerated creep was investigated. We further verified that the effect of the shear strength is critical to the anchorage failure mode. The shear creep results showed that the cohesion instead of the friction angle is more time-dependent. Moreover, the calculation of the random anchorage parameter and the time-dependent reliability showed that the least shear-resistant zone determines the failure scope of the anchorage. By defining the safety residual shear strength, we inferred that the reliability index is linear to the variation coefficient of the internal friction angle and is exponential to the variation coefficient of the cohesion. Furthermore, the failure at the anchorage–soil interface is more sensitive to the cohesion instead of the internal friction angle.
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In order to study the creep characteristics of the coarse-grained soil as embankment filler under long-term vehicle loading, the creep test was performed on coarse-grained soil using the large scale dynamic and static triaxial instruments, and the creep process of the coarse-grained soil sample was simulated by PFC3D software, and the internal particle motion and energy change during the deformation process were studied. The research results show that the coarse-grained soil embankment filler has non-linear creep characteristics. At a low stress level, the coarse-grained soil is in the stage of elastic deformation. At a high stress level, the final creep deformation curve of the coarse-grained soil does not converge. The creep process is a process in which the particles are distorted and rotated, changing from an unstable state to a stable state. During this process, the particle energy is dissipated to the minimum, and the creep of the sample reaches a stable state. This understanding of particle motion and energy changes during the triaxial creep test of coarse-grained soil will help deepen the understanding of creep characteristics of coarse-grained soil and provide a reference for engineering practice.

Keywords: coarse-grained soil, static triaxiality, particle flow, creep characteristics, meso-structure


INTRODUCTION

Central China, as the core of the Silk Road Economic Belt and the 21st-Century Maritime Silk Road and a key area for targeted poverty alleviation policies, road construction work in this region is in full swing (Wilson, 2016), It is inevitable to pass through mountainous areas. Due to the requirements of planning and design, road construction often needs to be filled to a large extent (JTG D30-2015, 2015). Coarse-grained soil (it refers to the soil in which the grains between 0.075 and 60 mm accounting for more than 50% of its total mass) is widely distributed in China and is easy to be obtained. Because of the wide range of its gradation, it has large porosity, strong permeability. After compaction, it has excellent engineering characteristics such as high compaction degree and high shear strength, so it is often used as embankment filling material during highway construction (Hu et al., 2018). The embankment as the highway foundation not only bears the weight of the pavement structure, but also bears the dynamic load transmitted by the pavement during the driving of the vehicle. The stability and deformation of the embankment directly affect the service performance of the road.

With the rapid development of the expressway, many scholars have conducted a series of studies on coarse-grained soil. For example, Guo (1999), Zhou et al. (2016), and Long et al. (2017) analyzed the mechanical properties and constitutive model of coarse-grained soil, but at present, there are few in-depth studies on the creep characteristics of coarse-grained soil. Cai et al. (2019) and Peng et al. (2019) reveled the influence of confining pressures on deformation characteristics of sandstones and the effects of different densities, gradation types, and loading schemes on the creep characteristics of saturated sand. Yang et al. (2014) studied the creep deformation characteristics of sand under the piles of high-speed railway bridges by conducting creep tests on sands under the piles, and obtained creep models and corresponding parameters. Hu et al. (2014) and Sun et al. (2017) took the undisturbed soil at the landslide zone as the research object, performed large scale triaxial creep test, studied the creep sample under different confining pressures and stress levels, and combined the isochronous curve method to obtain the difference between conventional strength and long-term strength. Liu et al. (2015) used a triaxial creep tester to study the creep difference of marine soft soil under static and low-frequency cyclic loading, and comparatively analyzed the effects of frequency, confining pressure and principal stress on creep characteristics of soft soil. Yuan et al. (2014) tested seven groups of feldspar, quartz and organic soil samples with different distribution forms and different contents by using a direct shear creep instrument, and discussed the influence of distribution forms and contents of rheological materials on creep. Kang et al. (2012) examined the evolution of pore characteristics in dense and loose samples subjected to a biaxial creep test by using discrete element method (DEM) numerical simulations. Tang et al. (2019) investigated the creep behaviors of granite residual soil with pre-stress of 100 kPa by a series of small size creep tests, and established a creep model of the granite residual by rheological theory. Zhao et al. (2017, 2018, 2019) captured elastoviscoplastic strain components by implementing a series of triaxial creep tests on fractured limestone specimens under multilevel loading and unloading cycles. And a non-linear elastoviscoplastic (EVP) creep constitutive model which can describe both the loading and unloading creep behavior precisely was proposed. Moreover, plenty of previous study focus on the application of discrete element software PFC3D on creep behavior. For example, Kwok and Bolton (2013) applied the DEM to the simulation of soil creep in a triaxial test. It was found that crack growth can lead to softening of samples with volumetric contraction due to grain breakage accompanying dilation due to shearing. Zhou and Song (2016) proposed a random virtual crack DEM model or creep behavior of rockfill in PFC2D according to the theory of subcritical crack propagation induced by stress corrosion mechanisms. They found that the increase in stress levels and particle size will lead to an obvious growth of the creep strain and creep rate of the rockfill.

The above research shows that the current research on the influence factors of creep is mostly about soft soil and rocks, while the research on coarse-grained soil is less, and the present research results mostly analyze the creep characteristics from a macro perspective, and there are some limitations to the understanding of the creep mechanism, which can not explain the internal structure change of coarse-grained soil during creep. Therefore, it is necessary to study the creep mechanism of coarse-grained soil from both the macroscopic and mesoscopic perspectives.



MATERIALS AND METHODS


Soil Samples and Schemes of Test


Test Equipment

This test uses the Autotriax automatic triaxial test system in the National Engineering Laboratory of China of Highway Maintenance Technology of Changsha University of Science and Technology, the model of the system is Dynatriax100/14 (see Figure 1). The triaxial test system is mainly consists of microcomputer system that control all test stages, pressure chamber, confining pressure application system, axial pressure device, and measurement system.


[image: image]

FIGURE 1. Autotriax automatic triaxial test system.




Material Properties

The soil for the samples was taken from the slope construction of the carbonaceous mudstone coarse-grained soil in the fifth section of an expressway in Guangxi Province, China. The samples before and after disintegration are shown in Figure 2.


[image: image]

FIGURE 2. Physical form of samples after and before disintegration: (A) After disintegration, (B) Before disintegration.


The disintegrated samples were taken for road performance tests such as compaction and CBR test. The basic physical and mechanical parameters of the carbonaceous mudstone coarse-grained soil were obtained, they are shown in Table 1.


TABLE 1. Basic physical and mechanical parameters of coarse-grained soil.

[image: Table 1]


Scheme of Creep Test

This test uses a solid cylindrical sample with a diameter of 100 mm and a height of 200 mm. Different preparation methods of the sample will result to a significant impact on the test, so this test uses the layer compaction method for sample preparation, and the compaction degree is 93% to control the quality of each layer of compacted soil. In order to determine the value of the deviatoric stress in the creep test, the same soil sample is used for isotropically consolidation at a preset confining pressure, and an axial load is applied to obtain the failure load (σ1−σ3)f at the preset confining pressure; And it uses a graded loading method, which is divided into four stress levels (n = 4) for creep test loading, and the load increment of each stage is (σ1−σ3)f/n. It should be confirmed that the previous stage has reached the stable state of creep before the lower stage loading; In order to consider the influences of stress level, moisture content and confining pressure on the creep characteristics of coarse-grained soil, five groups of tests are selected for comparative analysis. Each group of tests lasts about 10 days, and the entire test lasts 6 months. The creep test scheme is shown in Table 2. Where, the stress level S is the ratio of the principal stress difference under load in the creep test and the principal stress difference at failure in the triaxial test, and it can be calculated from Eq. 1. The stress levels under axial load in the creep test are 0.1, 0.4, 0.6, and 0.8.

[image: image]


TABLE 2. Test scheme.

[image: Table 2]
Where, c is the cohesion of the soil and φ is the internal friction angle.




Numerical Simulation of Test


Model Establishment

The model boundary in this paper consists of side walls and upper and lower loading plates. Through the trial run of the program, it was found that loading the test sample with the clump loading board is better than using the servo control loading simulation of wall. Therefore, the method of directly applying stress to the clump loading plate for creep test simulation was used to establish a model with the same size as the creep test sample, with a height of 200 mm and a diameter of 100 mm. During the establishment of the model, the lateral rigid wall of the traditional triaxial test model was transformed into a flexible particle film composed of particles of the same size, and the film particles were bonded through the contact bonding model to ensure the particle only transmit force but not moment. By applying an equivalent concentration force to the film particles to simulate the confining pressure, the generated model test sample is shown in Figure 3.


[image: image]

FIGURE 3. Sample of triaxial test simulation: (A) Overall picture, (B) Schematic diagram of flexible particle film.


This article used dynamic expansion method for particles generation. When the particles are generated according to the actual grading, the number of particles generated will reach millions, which seriously affects the model calculation efficiency, on the other hand the computer’s memory cannot achieve the calculation of millions of particles. Therefore, according to the research results of Zhang (2015), the weighted average method was used to modify the particle group that smaller than 1 mm, and the particles after each level of correction were generated under the same porosity. Through simulation calculations, it was found that using this method can not only effectively increase the operation speed, but also inherit the meso-structure characteristics of the original sample with prominent local heterogeneity. The weighted average radius of the particles was calculated to be 2.879 mm by using Eq. 2, and Equation (2) is as follows:

Weighted average particle radius:

[image: image]

Where, Ri is the average radius of particles; Mi is particle content; Wi is the weighted number.

When particle generation is performed according to the minimum radius and the ratio of the maximum radius to the minimum radius in DEM, according to the Random command, the generation probability of the particle radius from the smallest to the largest is the same. So, the minimum radius of the particles was fixed by the weighted average radius of the particles, and then the maximum radius of the particles was calculated, and the ratio of the maximum radius to the minimum radius was obtained, as shown in Eq. 3:

[image: image]

Where, Ri is the particle radius; Rmin is the minimum radius of the particle, ratioRmax/min is the ratio of the maximum radius to the minimum radius of the particle, and Wj is the weighted number. From the calculation of Wr, we can calculate the value of ratioRmax/min. According to the Eq. 3, in the model generation in this paper, the minimum radius was fixed to 0.5 mm and the ratio of the maximum radius to the minimum radius of the particles was 39.712.



Determination of Mesoscopic Parameters

As far as the present research is concerned, the mesoscopic parameters in the numerical simulation are obtained through repeated debugging by comparing with the test results or the physical properties of the material. In order to simulate the creep characteristics of coarse-grained soil under different moisture contents, it is necessary to use the variables in the meso-parameters to simulate the changes in the moisture content of the sample. For coarse-grained soil, the actual bonding force between particles will change with the change of moisture content. Therefore, when using PFC3D for simulation, it is necessary to establish the relationship between the bond strength and moisture content of the particles. This paper combined the existing research results and laboratory test data, and used yield stress as an intermediate variable to establish the relationship between moisture content and particle bond strength, and finally got a quantitative relationship between moisture content and bond strength. And the linear contact stiffness model was used. Based on the macro-parameters such as the stress-strain curve and elastic modulus obtained from tests, the mesoscopic parameters were repeatedly adjusted to obtain a set of simulated parameter values that match the laboratory test, as shown in Table 3.


TABLE 3. Mesoscopic parameters of numerical simulation.
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RESULTS AND DISCUSSION


Conventional Triaxial Test

The axial stress-strain test curve was obtained by triaxial test under different confining pressures (50, 100, 200 kPa), same compaction degree (93%) and same moisture content (8.9%), as shown in Figure 4.
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FIGURE 4. Stress-strain curves of coarse-grained soil samples under different confining pressures.


From Figure 4, under the same moisture content and compaction, the greater the confining pressure, the greater the shear strength of the coarse-grained soil filler, and the greater the value of the deviatoric stress required to achieve the same axial strain. The coarse-grained soil sample with a confining pressure of 50 kPa requires a stress difference of 0.8 MPa when the axial strain reaches 14%, while the samples with a confining pressure of 100 and 200 kPa need larger stress differences to achieve the same axis strain. In the initial stage of shearing of the sample, the sample is in the elastic stage, showing softening of the shear strain, and the axial stress-strain curve changes linearly. As the stress difference increases, the sample changes from strain softening to strain hardening, and the axial stress-strain curve changes non-linearly.

Figure 5 shows the bulk strain-axial strain curves of coarse-grained soil samples under different confining pressure. As can be seen from Figure 5, the development law of bulk strain of samples under different confining pressures is as follows: when the confining pressures are 50 and 100 kPa, the samples shear shrink first and then shear dilate; when the confining pressure is 200 kPa, the samples shear shrink as a whole. The main reasons are: when the confining pressure is 50 kPa, the effect of confining pressure is relatively small, the particles are more likely to rotate and move under the action of shear force, and the lateral deformation and axial deformation of the test sample occur simultaneously, manifested as shear shrinkage and then shear dilatancy; When the confining pressure is 200 kPa, it is difficult for the particles to rotate and move during the shearing process, and it is easy for the particles to be broken. The particles are mainly compacted and compressed, supplemented by lateral deformation, which is manifested as overall shear shrinkage.
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FIGURE 5. Bulk strain curves of coarse-grained soil samples under different confining pressures.




Creep Characteristics of Coarse-Grained Soil Filler

According to the test scheme, triaxial creep tests were performed under three different confining pressures (50, 100, and 200 kPa) to obtain a series of test data. According to the Boltzmann superposition principle and Chen’s loading characteristics, the creep time history curve under each step during loading was obtained by coordinate translation method. Figure 6 show the deformation curves at different stress levels and at different times.
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FIGURE 6. Axial creep curve of coarse-grained soil filler: (A) Confining pressure is 50 kPa, (B) Confining pressure is 200 kPa.


It can be seen from Figure 6 that the stress state is the main factor affecting the creep of the sample, and the lower the stress level, the shorter the time required to reach stability, and the higher the stress level, the longer the time required for creep to reach stability. The curve can be divided into four stages: transient elastic deformation stage, rapid creep stage, stable creep stage and accelerated creep stage. When the stress level is within this range (0.1 ≤ S < 0.4), especially when S is 0.1, confining pressure is 50 kPa and the moisture content is 8.9%, and the corresponding transient elastic deformation is 0.574 mm, accounting for 98% of the total test deformation. The plastic deformation value at this stage is very small and only transient elastic deformation occurs; When the stress level is within this range (0.4 ≤ S < 0.8), the sample enters the rapid creep stage after transient elastic deformation. As the particle pores are filled and compressed, the particle’s motion resistance increases, the creep deformation rate decreases, the creep curve converges, and eventually it becomes flat; When the stress level is within this range (S ≥ 0.8), the sample enters the accelerated creep stage in the later stage of loading, the slope of the creep curve increases, the deformation of the sample increases, and the curve tends to non-converge. As the stress level increases, the earlier the accelerated creep occurs, the sample tends to fail.

Figure 7 is the creep isochronous curve under different stress levels. The isochronous strain curve of each sample has obvious non-linearity. When the stress level is within this range (0.1 ≤ S < 0.4), except for the curve of 60 min, the curves at other periods are more coincident, indicating that when the stress level is small, the creep deformation of coarse-grained soil mainly includes transient elastic deformation and rapid deformation stage, which accounts for 75% ∼ 85% of the total deformation; When the stress level is within this range (0.4 ≤ S < 0.8), the curves in each period do not overlap. After t = 60 min, the sample enters the rapid creep stage. The creep deformation gradually stabilizes with time, and the curves gradually coincide, indicating that the creep deformation of coarse-grained soil samples within this stress level mainly occurs within the first 2 h, and the creep deformation gradually decreases and stabilizes with time. But when stress level S is 0.8, the creep isochronous curves of t = 1500 min and t = 2000 min do not coincide, indicating that the creep of coarse-grained soil samples at this stress level enters the accelerated creep stage in the later stage of test loading, the deformation of coarse-grained soil samples gradually increases, and the creep curve tends to non-converge.
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FIGURE 7. Creep isochronous curves under different stress levels.




Comparative Analysis of Creep Test and Numerical Simulation Results

Through numerical simulation of creep tests on coarse-grained soil, the particle motion and energy changes during creep were studied. It can be seen from Figure 8 that the simulation results of particle flow are basically the same as the test deformation trend. There is a difference of about 20% in the early stage of deformation, but the difference becomes smaller and smaller as time goes on, and the final deformation difference is less than 10%, indicating the accuracy and rationality of the calibration of the model’s mesoscopic parameters. In the first 30 min, the creep deformation of particles increases rapidly, reaching 75–80% of the final deformation value. After that, the deformation value increases slowly and gradually reaches the fixed value. And as can be seen from the above figure, the simulation value is generally larger than the test value. It is considered that this is related to the shape of the particles. In this paper, sphere particles were used for test simulation, and the influence of the angularity of the aggregate on the overall force and deformation of the material was ignored. Although the friction and bonding model has been given to the particles, the friction and bonding between particles cannot be truly represented. Under the loading, misalignment between spheres is very easy, the structure is rearranged, the force is transmitted quickly under the loading, and the compact state can be achieved in a short time. Therefore, the simulation of creep test can be performed better on material by using the real shape of the particle.
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FIGURE 8. Variation of deformation value: (A) Under different water content, S = 0.4, confining pressure is 50 kPa, (B) Under different confining pressures, S = 0.6, moisture content is 8.9%




Particle Motion

Conventional tests cannot directly measure the particle motion during the test. The PFC3D software can use the measurement circle for real-time monitoring. In this paper, a cyclic loading test was performed on the test sample according to the parameters in group E3. The measurement circle distribution is shown in Figure 9, The radius of measurement circle 1 (0, 0, 80), measurement circle 2 (0, 0, 0), and measurement circle 3 (0, 0, −80) is 5 mm.
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FIGURE 9. Schematic diagram of measurement circle distribution position.


PFC3D software stipulates that the particle rotation speed is positive in counterclockwise rotation and negative in clockwise rotation (Kong et al., 2012). During the loading process of the coarse-grained soil sample, the measurement circle 1, measurement circle 2 and measurement circle 3 were selected as the research objects, and the phenomena of particle rise, fall, and rotation during the creep of the sample were studied and analyzed. The “history” command was used to monitor the particle movement during loading, and essentially understood the change of the particle structure of the coarse-grained soil sample under the load. It can be seen from Figures 10, 11 that during the loading process, the rotation rate of each measurement circle fluctuates greatly. After 17000 steps, the displacement of all measurement circles in the z-axis direction gradually tends to be stable. At the same time, the rotation rate of the measurement circles also decreases significantly and tends to be stable. As each particle’s displacement decreases, its rotation rate slows down. The reason is that as the loading progresses, the particles continuously rise, fall, and tumble. The large pores of the sample are gradually compressed and will be filled with particles, the deformation decreases, the interparticle embedding increases, and the rotation rate decreases accordingly, which compacts the coarse-grained soil sample.


[image: image]

FIGURE 10. Displacement of particles in group B2 in the direction of Z axis.



[image: image]

FIGURE 11. Variation of particle rotation rate.




Energy Change

In the PFC3D software, different theoretical models correspond to different energy responses. The energy response can be used to analyze the creep characteristics of coarse-grained soil. This paper selected a linear model based on the characteristics of coarse-grained soil. The linear model provided three types of energy response. The strain energy Ek defines the energy stored in the linear spring, which is the total strain energy of the particle assembly at all contact points. The sliding energy Eu defines the total energy dissipated by sliding friction. The viscosity energy Eβ defines the energy consumed by damping. Figure 12 show the three energy responses under different confining pressures.
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FIGURE 12. Variation of energy: (A) Strain energy, (B) Sliding energy, and (C) Viscosity energy.


As shown in Figure 12, the creep deformation energy increases to a certain value and then becomes gentle. It is stored between linear springs, reflecting the elastic deformation of granular materials. When the sample reaches the maximum density, the granular material changes from the elastic stage to the plastic stage, the creep deformation rate of the sample decreases, and the change of strain energy tends to be flat. In the same step, high confining pressure corresponds to a high energy value, and low confining pressure corresponds to a low energy value, because the higher the confining pressure will cause a larger external force on the sample, the larger the external force required for the sample to be destroyed, the less likely the sample is to be destroyed. The sliding energy Eu has a large change rate in the early stage and tends to be stable in the later stage. The structure of the sample is loose in the early stage of the test, and the particles are liable to rotate and slip under the load. Therefore, the sliding energy growth rate is relatively fast. As the test sample becomes denser, the intercalation effect between particles becomes stronger, and the sliding energy decreases accordingly. It is difficult for particles to move at the later stage of loading, but there is a tendency of movement between them, so the sliding energy is in a stable state, which also shows that most of the input energy is dissipated unilaterally through frictional energy dissipation, and coarse-grained soil is a strong dissipation system; Viscosity energy is a kind of plastic energy caused by a damper. During the numerical simulation, additional damping is performed to reflect plasticity. During the loading process, the sample changes from the elastic stage to the plastic stage, and the viscosity energy gradually increased and then flattened, which coincided with the actual situation.




CONCLUSION

(1) In the triaxial shear test, at the initial stage of the sample shear, the sample was in the elastic stage, showing a shear strain softening, and the stress-strain curve changes linearly; With the increase of the stress difference, the strain softening of the sample was transferred to the strain hardening, and the stress-strain curve showed a non-linear change.

(2) The creep curve can be divided into four stages: transient elastic deformation stage, fast creep stage, stable creep stage and accelerated creep stage; When the stress level is within this range (0.1 ≤ S < 0.4), The plastic deformation value is very small, and only transient elastic deformation occurs; When the stress level is within this range (0.4 ≤ S < 0.8), The sample develops from the transient elastic deformation stage to the rapid creep stage, and enters a stable creep stage as the creep deformation rate decreased; when the stress level is within this range (S ≥ 0.8), The test sample enters the accelerated creep stage in the late stage of loading, the curve tends to non-converge, and the test sample develops toward the destruction.

(3) In the early stage of the test, the structure of the sample is relatively loose, and the particles are liable to rotate, roll, rise or fall under the load. As the test sample becomes denser, the rotation rate of the particles decreases, the trend of the strain energy tends to be gentle, the sliding energy decreases accordingly, and the viscosity energy gradually increases and then becomes flat, which coincides with the creep process of the test sample.

(4) When performing numerical simulation by PFC3D, this article only analyzed the particle movement and energy change, and lacked data and pictorial diagrams of particles inside the model. However, the PFC3D discrete element software has a powerful practical prospect, which can analyze the mesoscopic characteristics of materials from many aspects and perspectives in the future.
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In deep mining, granite is stored with high energy duing to its structural integrity and brittleness. Rock bursts usually occur because stress changes and mining disturbances during mining, which seriously threaten safe production. Focusing on the factor -water- which may reduce the brittleness and rockburst tendency of granite, this work discussed the brittleness index and AE characteristics of dry and saturated water granite samples under uniaxial loading. The results show that the peak strength and elastic modulus of the saturated water granite are reduced. The damage degree of the water sample is larger than that of the dry sample, and the brittle failure is significantly reduced. The cumulative number of acoustic emission (AE) events in saturated water granite is significantly reduced compared to the dry sample, which is a decrease of 31.5%. However, AE event rate is higher than that of dry granite in the late loading period; AE quiet period of saturated water granite lasts longer and is more obvious than that of dry granite. Dry granite stores and releases more energy during the whole loading process, and the proportion of high energy level AE events in the later stage of loading is higher. The b value of the two samples show a downward trend with fluctuation in the critical state of fracture and a jump increases at the moment of instability. The decrease of b values of dry granite is larger than that of saturated water granite. Results suggest that the decline of AE b value of granite can be taken as the precursor of rock burst, and water can significantly reduce the rockburst tendency of granite.

Keywords: water, rock, AE, b value, rockburst tendency


INTRODUCTION

The stress environment of underground rock mass engineering is complicated and the elastic energy accumulated in the rock mass is released in the form of elastic wave due to mining activities and frequent microseismicity breaking stress balance, which is accompanied by the change of rock mass structure and even instability (Zhao et al., 2015; Dong et al., 2018; Peng et al., 2020). The acoustic emission (AE) signal of rock contains a lot of information about the damage evolution process of rock mass, which is used to study the failure process of rock mass and explore the effective precursor characteristics of rock mass instability. Since Goodman (1963) discovered the AE Kaiser effect in rock materials in 1963, many scholars have conducted a large number of laboratory experiments on the AE phenomenon generated by the process of rock fracture and failure.

The macroscopic failure of rock material is the result of the agglomeration of micro-fractures and the generation and expansion of large cracks (Peng et al., 2019). The temporal parameters and spatial distribution of AE reflect the spatio-temporal evolution characters of internal damage. Under the uniaxial compression experiment, a variety of AE characteristic parameters (Rudajev et al., 2000; Zhang et al., 2019) were used to comprehensively analyze the AE evolution of different types of rock (Naoi et al., 2018; Sirdesai et al., 2018), and the precursor of rock failure (Zhang Y. B. et al., 2015) has been discussed. Related researches (Zhao et al., 2008; Li et al., 2016) on AE precursor before rock failure pointed out the existence of an objective phenomenon of AE quiet period in rock AE experiments. The spatial distribution characteristics of AE are studied by using AE source localization algorithm, and the results of AE source localization can better reflect the direction and process of crack propagation and nucleation. In the uniaxial compression experiment of pre-set crack rock samples (Zhao et al., 2006), rock samples with natural fractures of different spatial combination types (Single type, parallel type, cross type, and mixed type) (Pei et al., 2013), and complete rock samples, the existing algorithm is used to reflect the spatio-temporal evolution of cracks and demonstrate the accuracy of AE location. The researches show that the AE localization results basically correspond to the actual damage. At the same time, the AE source localization method overcomes factors such as the pre-determined wave velocity (Dong et al., 2011) and the wave’s propagation path (Hu and Dong, 2019) as a straight line in the update iteration to achieve high-precision positioning for complex spatial structures (Dong et al., 2020a, b). In order to meet the stress environment in which deep rock masses are located, carrying out laboratory AE experiments under complex stress paths (Du et al., 2016) provides a more effective ground reference value for engineering practice. Meng et al. (2016) analyze the laws of AE and energy conversion in uniaxial loading and unloading experiments of sandstone at different loading rates. Chmel and Shcherbakov (2013) compared the AE characteristics of granite under compression and impact failure. Since the b value analysis, which originated from the seismological research, was introduced into the laboratory-scale AE research, a lot of discussions have been made on the improvement of algorithms, the influencing factors, and the changes in the b value in the process of rock mass instability and failure. It is a consensus that the brittleness rock mass failure is accompanied by the decline of b value, but the change of b value before rock failure of different lithology is different. The b value of salt rock, which is plastic rock, rises later in loading (Zhang Z. P. et al., 2015). The dynamic evolution characteristics of b value of AE during rock failure can indicate that the crack inside the rock is expanding suddenly or gradually (Zeng et al., 1995). The decrease in shale b value under complex stress paths only occurs when the stress exceeds 80% of the peak strength, and has nothing to do with bedding planes and loading paths (Wang and Xiao, 2018). Ge and Sun (2018) have studied the effect of heating and cooling conditions on the b value, and considered that the b value increases with the increase of heating and cooling cycles.

Water plays an important role in the geological disasters of rock engineering, and the micro-crack and the pore in rocks generally become the storage space of water. The original internal structure of rock will be changed by water in the process of complex physical (Zhao et al., 2017), chemical, and mechanical action. The rock will soften in different degrees, and its brittleness and strength will be reduced compared with the dry state (Vásárhelyi and Ván, 2006; Liu et al., 2012). The AE characteristics of water rock also show differences. Some scholars have carried out a lot of experimental research on the AE characteristics of rock affected by water. The effects of water in the quiet period of granite were compared from the perspective of AE energy rate and events. The same law was found in the AE experiments of limestone and siltstone under uniaxial compression. As the water content increased, the AE activity showed a downward trend in turn (Chen et al., 2017, 2018). Guo et al. (2018) compared the AE counts and energy changes of igneous rocks with different water contents under cyclic loading and unloading. Liu et al. (2018) carried out a research on AE characteristics of water-absorbing shale under uniaxial compression experiments, and found that water absorption stimulated the occurrence of AE events inside the shale and the b value is higher. Wang et al. (2017) carried out uniaxial and triaxial compression AE experiments on saturated karst limestone, and discussed the effect of confining pressure on AE activities. However, research on the effect of water on the b value of brittle rock masses is still insufficient. It is necessary to continue to explore the influence of water on the AE characteristics and b value of granite combined with the fracture tendency of brittle rock masses. The differences of mechanical properties and AE characteristics between saturated water granite and dry granite under uniaxial compression are compared in this paper. The effect of water on the activity and b value of AE events during rockburst incubation was emphatic discussed. It is of great theoretical significance and engineering application value to study the change of the mechanical strength characteristics and the rockburst tendency of granite as a typical brittle rock mass after hydration combined with AE technology.



EXPERIMENT AND METHOD


Rock Samples

The cuboid samples of granite with the size 50 mm × 50 mm × 100 mm and 100 mm × 100 mm × 200 mm were used to perform experiments. The surface of the rock sample was polished to ensure that its parallelism, flatness and perpendicularity to meet the ISRM recommendations. To reduce the differences among samples as much as possible, same size samples were obtained from one granite. Dry and saturated water granite rock samples were set in the experiment. The dry rock samples were placed flat in a water tank, and water was first added to 1/4 of the height of the experiment piece. Water was added at intervals of 2 h, until the rock sample was completely immersed in water. The samples were taken out after 12 h and made into water rock samples. It is important to emphasize that all AE data except for AE localization data are from the 50 mm × 50 mm × 100 mm sample. Since the sensor inevitably fell off during the experiment, AE events with less than 5 hit signals could not be located efficiently. To perform AE localization, we also carried out the experiment with the same conditions on the 100 mm × 100 mm × 200 mm sample using the Vallen 32-channel AE monitoring equipment.



Experimental Instruments

The experimental instruments included two parts: stress loading equipment and AE monitoring system (Figure 1). The loading equipment was the MTS322 material test system (load the 50 mm × 50 mm × 100 mm sample) and the MTS815 Flex test GT rock mechanics test system (load the 100 mm × 100 mm × 200 mm sample), which performed the static, dynamic, normal temperature, high temperature, high pressure, and failure mechanics experiments of brittle materials such as rock and concrete. It recorded load, stress, displacement and strain values in real time, and simultaneously draws load-displacement, stress-strain curves. The PCI-2 AE equipment from the PAC Company in the United States was used to collect the AE data of the 50 mm × 50 mm × 100 mm sample. The sensor was NANO30 resonant sensor with a center response frequency of 125 kHz. AE monitoring system used in the 100 mm × 100 mm × 200 mm sample was the AMSY-6 multi-channel equipment from Vallen, Germany (consisting of parallel measuring channels). AE characteristic parameters and waveform acquisition were synchronized during the experiment. The system was equipped with the highest international acquisition card. Each block had two independent channels. The channel ADC was 40 MHz, the accuracy was 18 bits, and the wideband operating frequency was 18 KHz–2.4 MHz. VS45-H sensor was used in the experiment, and the response frequency of that was 40–450 KHz.
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FIGURE 1. Experimental instruments and Installation and distribution diagram of AE sensor (100 mm × 100 mm × 200 mm sample). (Top Left) 50 mm × 50 mm × 100 mm sample under uniaxial compression experimental equipment. (Top Right) 100 mm × 100 mm × 200 mm sample under uniaxial compression experimental. (Bottom) The sensors arranged on two parallel sides are misaligned to reduce duplication of arrival time data for AE source location.




AE Sensor Arrangement

In the experiment, 6 AE sensors and 32 AE sensors were placed on the surface of the 50 mm × 50 mm × 100 mm and 100 mm × 100 mm × 200 mm samples, respectively, with an alternating dislocation arrangement to record the characteristic parameters and waveforms of the AE hits (Figure 1). Vaseline was applied to the contact area between the sample and the sensor to ensure the coupling effect, and the sensor was fixed with tape to avoid it falling off during the loading process. The pre-amplifier of the AE experiment and analysis system was set as 40 dB, the threshold value was 50 db, and the sampling frequency was 10 MHz. Before the experiment, checked the installation of the specimen, the coupling degree of AE sensor and debugged the equipment.



Experiment Procedure

In order to avoid the influence of the noise generated by the contact between the rock sample and the pressure plate on the results of AE monitoring, the rock sample was placed on the loading device in advance to load 1 ∼ 2 kN to make the rock sample fully contact the reinforced plate. Granite was loaded by controlled force during uniaxial compression experiment. The loading rate set in the experiment was 40 kN/min. During the experiment, ensured the synchronization of the loading experiment system and the AE monitoring system, and recorded the experiment data in real time. After loading the rock sample to the peak strength, the experiment ended.




CALCULATION METHOD OF B VALUE BASED ON AE EVENT

In the method of calculating b value of rock AE, the magnitude in the G-R relationship is usually replaced by the magnitude and energy of the AE hit. Since the noise signal was doped, the b value calculated by the AE hit recorded by a single sensor could not accurately reflect the rock variation characteristics (Figure 2). So the calculation method of b value is given first. In the experiment, when an AE hit signal generated by an AE source was detected by multiple sensors simultaneously, it was recorded as an AE event. We defined the absolute energy and absolute amplitude of the AE event as the maximum value of the energy or amplitude of multiple AE hits corresponding to an AE event. The average energy and average amplitude of the AE event were the average value of the energy or amplitude of multiple AE hits. Both the amplitude and energy of AE were used to characterize the strength of a rock fracture, which was equivalent to the physical significance of the magnitude. Therefore, the maximum amplitude, maximum energy, average amplitude, and average energy of the AE event were used to calculate the b value. In order to standardize AE to earthquake, the magnitude of AE event is divided by 20 (A/20) and the energy of AE event is taken as logarithm (lgE) to represent the magnitude of AE source (Chmel and Shcherbakov, 2014; Liu et al., 2017; Sagasta et al., 2018; Dong and Zhang, 2019). The correction formula calculated by least squares can be expressed as Eq. 1 and Eq. 2:
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FIGURE 2. AE b value curve of dry granite calculated by AE hit. The b values were calculated by the AE hit monitored by six of all the sensors, and the fitted value R of the b value was obtained. These AE signals did not remove noise.


Each time b value was calculated using 200 AE events as the sampling window, then 100 AE events were used as the step size to slide in time and repeatedly calculate the b value. Furthermore, the variation of b value calculated by 4 parameters of granite with time under uniaxial compression was obtained.



RESULTS AND DISCUSSION


The Change of b Value

Acoustic emission b value is used as a measure to characterize the development of cracks. The change of b value corresponds to the fluctuation of the proportion of large and small AE events in the rock, that is, the trend of crack development at different scales. The trend of b value can indicate that the crack inside the rock is expanding suddenly or steadily. When the b value fluctuates steadily, the proportion of large and small AE events is basically maintained at a stable level, and microcracks with different internal scales develop stably. Large fluctuation of b values indicate a sudden burst of crack growth. The decrease of the b value before failure indicates that there are more large-scale AE events, and the cracks accelerate and penetrate (Rao and Lakshmi, 2005; Zhang and Zhang, 2017).

The 4 b values are calculated using the maximum amplitude, average amplitude, maximum energy, and average energy of AE events, respectively. During the fracture of dry and saturated water granite under uniaxial compressive load, the changes of 4 b values with stress and strain are basically consistent (Figures 3, 4). After the start of loading, the b value is at a relatively high level relative to the whole loading process, showing a downward trend with fluctuation; It reflects that small-scale cracks dominate in the initial stage and a large number of new cracks are generated with the progress of loading; Since the scale of the new crack is larger than the original crack that is compacted, the proportion of large AE events gradually increases and micro-fractures inside the rock gather together; The crack development in the rock shows a steady expansion. When granite approaches instability, the b value fluctuates greatly and reaches its minimum; The clustering of the large AE events is apparent in the process, and a large number of cracks of different scales start to spread suddenly and penetrate each other. When the granite reaches the peak stress, the b values rise sharply and reach high values, and the local rock mass is crushed at rockburst moment, causing severe damage. It may be because the sensor and the rock poor coupling or even falling off causes loss of rock fracture signal due to the volume expansion effect. Therefore, the signals in the moment of failure cannot objectively reflect the truth of the size of AE event. Granite, as a typical brittle rock, is sensitively affected by the difference in the degree of development of internal joint fractures. Large change in b value reflects dramatic changes in crack growth; The critical state of the rock will cause stress concentration at the end of the large-scale crack that has been formed, and a series of diffusive microcracks will be generated around the large crack; Collapse occurs in fragile local or adjacent large cracks causing significant volume response.
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FIGURE 3. The variation in 4 AE b values (blue point-line) of dry granite versus strain under uniaxial compression. The distribution characteristics of the absolute amplitude (blue point), absolute energy (orange point), average amplitude (cyan point), and average energy (green point) of the AE event show good consistency with the fluctuation of the b value.
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FIGURE 4. The variation in 4 AE b values (blue point-line) of saturated water granite versus strain under uniaxial compression. The distribution characteristics of the absolute amplitude (blue point), absolute energy (orange point), average amplitude (cyan point), and average energy (green point) of the AE event show good consistency with the fluctuation of the b value.


Compared with dry granite, the minimum value of b value is larger and the maximum value of b value is smaller in saturated water granite. The AE b value of the saturated water granite has a relatively gentle downward trend, with a decrease in b value between 0.7 and 1. The microcracks in water rock are stable and slow. The large-scale cracks continue to accumulate steadily and the proportion of large-scale cracks gradually increase (Figure 4). The b value of dry granite fluctuates violently during this process, with a larger and more rapid decline. The difference in b value reach 1.5. It reveals that the scale of the micro-fracture inside the rock changes significantly, and large-scale cracks expand more fully, showing a state of rapid expansion (Figure 3). The pore water filling reduces the friction caused by rock compaction, and the fissure water filling is easy to further expand the original cracks, reflecting that the b value of the saturated water granite in the early stage of loading is smaller. Due to the stress corrosion and pressure dissolution of water on rocks at the later stage of loading (Li et al., 2010), the proportion of small-scale cracks is higher, and the b value is higher than that of dry granite.

The variation characteristics of b value under uniaxial loading indicate that the internal micro-fracture state of dry granite changes sharply during loading, and the internal fracture degree of damage is more sufficient. The existence of water makes the crack growth trend of granite gentle, the rock appears to soften, plastic enhancement, and weaken rockburst tendency.



The Change of AE Energy

Energy distribution and cumulative process of AE events during uniaxial loading are used to evaluate the effect of water on the tendency of granite rockburst (Figures 5, 6). The AE energy released by microfractures in rocks is proportional to the scale of crack propagation. The size of AE energy characterizes the size of microfractures in rocks. From the perspective of the release of AE energy, The energy release of dry granite remains active throughout the loading process, and the energy stored and released is much greater than that of saturated water granite. The energy released by granite throughout the fracture process is significantly reduced by water. With the increase of the axial load, the accumulation of AE energy is almost stagnant, corresponding to the quiet period of the AE event. AE energy of saturated water granite increases exponentially before rupture. From the perspective of AE energy level distribution, the proportion of AE events with high energy level which is above 103 accounts for 44.9% in the crack propagation stage before dry granite failure (Figure 5). Saturated water granite produce more AE events before failure, but the energy level of AE events are distributed at lower levels, and AE events with energy levels above 103 accounts for 31.6% (Figure 6).
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FIGURE 5. Evolution and distribution of AE events energy versus time in dry granite. The crack propagation phase corresponds to the concentrated release of energy (highlighted area), and high energy level acoustic emission events account for 44.9%. AE sources tend to fracture more violently in critical state of rock burst.
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FIGURE 6. Evolution and distribution of AE events energy versus time in saturated water granite. The crack propagation phase corresponds to the concentrated release of energy (highlighted area), and high energy level acoustic emission events account for 31.6%. AE sources tend to fracture more gently in critical state of rock burst.


On the one hand, the crystal grains inside the rock are softened by water and the bonding between the particles is weakened, which inhibits the release of energy during rock fracture. On the other hand, water reduces the threshold of internal fracture in the critical state of the rock, resulting in the generation of a large number of low energy level AE events. Due to the water rock interaction, the process of energy release is more peaceful when the instability occurs, which cause that the rockburst tendency is significantly reduced.



The Change of AE Events and Quiet Period

Acoustic emission events can be used to capture and classify rock deformation and failure processes (Liu et al., 2018; Du et al., 2019). When the axial stress is small, a small number of AE events can be observed during the crack closing stage. With the increase of the axial load, stable crack propagation occurs in the rock, and the slope of the cumulative number of AE events almost remains constant. Unstable crack growth accompany by the exponential increase in the release of AE events, and the slope of the curve gradually increases, indicating that the rock is approaching failure.

It is similar for the trends of AE event rate and cumulative event at different Crack stage of dry and saturated water granites (Figures 7, 8). In the initial stage of loading, the original cracks of the granite are compacted, and both the dry and saturated water granite have AE phenomena, but the AE event rate of the dry granite is greater. As the internal micro-cracks of saturated water granite absorb water to fill the interstitial spaces, the existence of pore water pressure reduces the degree of micro-cracks being compacted, resulting in a reduction in AE event (Zhang et al., 2017). The AE quiet period that corresponds to the elastic stage occurs in both the dry and saturated water granites, and the AE event rate remains at a low level. The peak value of AE event rate in the elastic stage of dry granite (elastic I in Figure 7) may be influenced by Kaiser effect, and it is speculated that there may be defects or uneven distribution of particles in the rock, resulting in a significant change in the slope of stress-strain curve in the elastic stage. The dry granite enters the AE quiet period when the stress is loaded to 49.1% of the peak intensity, and the duration accounts for 17% of the whole loading process. The AE quiet period of the saturated water granite is more obvious. The AE quiet period of saturated water granite is more obvious. When the peak stress reaches 42.5%, it enters the AE quiet period that the duration of accounts for 26.9% of the whole loading process. The quiet period of AE of dry granite has a short duration and a high stress level, while that of saturated water granite has a long duration and a low load level. When the crack expands rapidly and approaches failure, the AE event rate increases rapidly to the peak value, and the peak value of AE event rate of saturated water granite exceeds 25, which is significantly higher than that of dry granite. This is because water can significantly reduce the threshold value of subcritical crack propagation in rocks, and water in a high stress state promotes the generation of micro-fracture and intensification of crack propagation (Wan et al., 2010; Hao et al., 2015). The cumulative AE events of dry granite and saturated water granite during the loading process are 1378 and 944, respectively. Compared with dry granite, the cumulative AE events of saturated water granite decrease by 31.5%, and the AE activities of dry granite during the whole loading process are more intense (Table 1). To some extent, water as a whole inhibits the AE activity of granite but stimulates AE activity of granite under high pressure. We can consider that the internal fracture of granite is reduced and the loading capacity of granite is deteriorated.


TABLE 1. comparison of AE event characteristics between dry and saturated water granite.
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FIGURE 7. Damage evolution of granite on time and strain scales under uniaxial compression in dry state. Divides the different stages of the uniaxial compression process according to the AE characteristics and stress-strain.
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FIGURE 8. Damage evolution of granite on time and strain scales under uniaxial compression in water state. Divides the different stages of the uniaxial compression process according to the AE characteristics and stress-strain.




Analysis of Mechanical Properties

The linear elastic deformation of dry granite is more significant and the peak strength is higher, while the saturated water granite shows obvious plasticity (Figure 9). The compressive strength of granite under different conditions is 149.416 MPa and 133.392 MPa, respectively, and the uniaxial compressive strength of granite samples under dry conditions is higher. The average modulus calculated in this paper is the slope of the secant line at the two points on the stress-strain curve before the peak. The average modulus of dry granite is 39.215 Gpa and that of saturated water granite is 33.617 Gpa (Table 2). Due to the water content of granite, its peak strength and elastic modulus are reduced to a certain extent and the granite exhibits a significant ductility during loading. This weakens the damage of the water to the interior of the rock and promotes the growth of native cracks, causing the granite to yield the intensity and peak intensity decrease accordingly.


TABLE 2. Mechanical parameters of dry and saturated water granite.
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FIGURE 9. Uniaxial compression stress-strain curve of dry (warm color) and saturated water granite (cool color) samples. Divides the different stages of the uniaxial compression process according to the AE characteristics.


The distribution of the block size after the granite breaks directly reflects the degree of damage (Figure 10). The sieving method is used to calculate the sample size of the broken samples in the experiment. According to the actual fracture characteristics of the rock samples, the average value of the three-dimensional length of the fragments is taken, and the 6 intervals (>50 mm, 50–40 mm, 40–30 mm, 30–20 mm, 20–10 mm, and <10 mm) are divided by 10 mm intervals. The number of fragments is statistically classified in the interval. For over-broken pieces with block size less than 10 mm, the statistical significance is not obvious and ignored.
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FIGURE 10. Fracture status of granite after rockburst. (Left) Dry granite, (Right) Saturated water granite. The statistical results of the block degree are shown in Table 3.



TABLE 3. Lumpiness statistics of dry and saturated water granite.

[image: Table 3]
There are 35 pieces of dry granite larger than 10 mm, while 27 pieces of saturated water granite are larger than 10 mm. In the interval below 30 mm, the number of dry granite is more than that of saturated water granite. It is more sufficient for the fracture degree of dry sample indicate that the uniaxial compression cracking is more significant. It is consistent with the analysis conclusion of AE characteristics. The degree of granite fragmentation is positively correlated with the magnitude of the change in b value. The fractured degree of the saturated water granite is low, and the more large pieces are retained, which corresponds to less accumulated AE events and energy release during the loading process.

Figure 11 shows the positioning results of AE events using the collaborative localization method using analytical and iterative solutions (Dong et al., 2019). From density distribution of AE events on samples surface and inside, it can be clearly reflected for the inhibit influence of water on the damage difference of granite under uniaxial compression. The spatial location results of AE events reflect the propagation distribution of the crack and are consistent with the actual failure.
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FIGURE 11. Spatial distribution of AE event density and failure types of saturated water or dry granite are shown, and the density of AE events is directly proportional to the color depth of the cell cube. (A) Surface density distribution of AE event location results; (B) Granite crack growth and fracture mode; (C) Spatial density distribution of AE event location results; (D) Samples. The AE events in the process of granite damage caused by water are significantly reduced.


The granite -a typical brittle failure- collapses instantaneously with large huge noise when it reaches peak strength. In the fracture mechanics, cracks are often classified into the opening crack, the sliding mode crack, and the tearing mode crack (Zhao et al., 2019). according to their forces and crack propagation paths. There is no obvious difference between the failure modes of dry and saturated water granite under uniaxial compression. The fracture mode of the uniaxial compression granite sample is composed of the fracture plane parallel to the axial splitting failure plane, the shear failure plane penetrating the whole rock sample, and expansion and fragmentation of local rock. However, from the perspective of the degree of damage, the dry granite is dominated by tensile failure surfaces and the secondary fracture surfaces formed are more abundant; the crack propagation is more sufficient with dense fracture surface; The local brittle expansion and fragmentation of the rock sample is more obvious. Due to the shear slip, the material on the side of the rock sample is broken out and part of the bearing capacity is lost instantly. This kind of failure situation corresponds to the obvious stress drop of the stress-strain curve of dry granite at the peak strength.




CONCLUSION

(1) The peak strength and elastic modulus of the saturated water granite are decreased, showing obvious plasticity. After uniaxial compression, penetrating shear fracture surface and axial tensile fracture surface was appeared in dry and saturated water granite, and a local comminuted expansive fracture failure occurred. Unlike in the dry state, saturated water granite has better integrity of rock fragmentation that the failure case is fewer surface cracks, smaller localized areas of fragmentation and expansion of rock.

(2) The variation characteristics of b value of dry and saturated water granite are similar in the process of uniaxial compression. The decrease of b value is the precursor of rockburst. However, the changing trend of b value of saturated water granite is more gradual with smaller decline, and the internal damage breeding process of hydrated granite is stable.

(3) The cumulative AE events of saturated water granite is less, but the AE event rate of saturated water granite is higher in the near failure. The AE quiet period of saturated water granite is more obvious, and it enters the quiet period at lower load level and lasts longer. Water significantly inhibit the release of energy in the process of fracture, reduced the proportion of high energy level AE events generated in the critical state, and the rockburst process is more peaceful.

(4) After being softened by water, granite shows obvious plasticity and rockburst tendency is significantly reduced. Water-rock interaction is a complex physical and chemical process. The erosion of rock mass by water can reduce the fracture tendency of brittle rock, but correspondingly increase the potential support burden of surrounding rock.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article are available on request to the corresponding author.



AUTHOR CONTRIBUTIONS

JM clarified the research purpose, developed the outline of this research, and participated in throughout the experiments, data analysis, and draft preparation. YZ were responsible for manuscript finishing, data processing, and figure plotting. DS completed the experiments and data acquisition. LZ provided the guide of b value theory and calculation procedures for the study. YC provided a figure of the sensor arrangement.



FUNDING

The authors want to acknowledge the support of projects of the National Natural Science Foundation of China (51774327 and 51904334).



ACKNOWLEDGMENTS

We are especially grateful to Prof. L. J. Dong of Central South University for his writing suggestions on the manuscript.



REFERENCES

Chen, J. X., Wang, Q. S., Guo, J. Q., Luo, Y. B., Li, Y., Qin, L., et al. (2018). Mechanical properties and acoustic emission characteristics of karst limestone under uniaxial compression. Adv. Mater. Sci. Eng. 2018:2404256. doi: 10.1155/2018/2404256

Chen, L., Zhao, J., and Zheng, Z. Y. (2017). Acoustic emission characteristics of compressive deformation and failure of siltstone under different water contents. Adv. Mater. Sci. Eng. 2017:4035487. doi: 10.1155/2017/4035487

Chmel, A., and Shcherbakov, I. (2013). A comparative acoustic emission study of compression and impact fracture in granite. Int. J. Rock Mech. Min. 64, 56–59. doi: 10.1016/j.ijrmms.2013.08.025

Chmel, A., and Shcherbakov, I. (2014). Temperature dependence of acoustic emission from impact fractured granites. Tectonophysics 632, 218–223. doi: 10.1016/j.tecto.2014.06.015

Dong, L. J., Li, X. B., Tang, L. Z., and Gong, F. G. (2011). Mathematical functions and parameters for microseismic source location without pre-measuring speed. Chin. J. Rock Mech. Eng. 30, 2057–2067.

Zhang, Y. B., Liang, P., Liu, X. X., Liu, S. J., and Tian, B. Z. (2015). Experimental study on precursor of rock burst based on acoustic emission signal dominant-frequency and entropy. Chin. J. Rock Mech. Eng. 34, 2959–2967.

Zhang, Z. P., Zhang, R., Xie, H. P., Liu, J. F., and Were, P. (2015). Differences in the acoustic emission characteristics of rock salt compared with granite and marble during the damage evolution process. Environ. Earth. Sci. 73, 6987–6999. doi: 10.1007/s12665-015-4406-7

Dong, L. J., Hu, Q. C., Tong, X. J., and Liu, Y. F. (2020a). Velocity-free MS/AE source location method for three-dimensional hole-containing structures. Engineering doi: 10.1016/j.eng.2019.12.01

Dong, L. J., Sun, D. Y., Han, G. J., Li, X. B., Hu, Q. C., and Shu, L. (2020b). “Velocity-free localization of autonomous driverless vehicles in underground intelligent mines,” in Proceedings of the IEEE Transactions on Vehicular Technology, Piscataway, NJ. doi: 10.1109/TVT.2020.2970842

Dong, L. J., Sun, D. Y., Li, X. B., Ma, J., Zhang, L. Y., and Tong, X. J. (2018). Interval non-probabilistic reliability of surrounding jointed rockmass considering microseismic loads in mining tunnels. Tunn. Undergr. Space Technol. 81, 326–335. doi: 10.1016/j.tust.2018.06.034

Dong, L. J., and Zhang, L. Y. (2019). b-value error analysis of rock fracture acoustic emission. J. Yangtze River Sci. Res. Institute doi: 10.11988/ckyyb.20190430

Dong, L. J., Zou, W., Li, X. B., Shu, W. W., and Wang, Z. W. (2019). Collaborative localization method using analytical and iterative solutions for microseismic/acoustic emission sources in the rockmass structure for underground mining. Eng. Fract. Mech. 210, 95–112. doi: 10.1016/j.engfracmech.2018.01.032

Du, K., Su, R., Tao, M., Yang, C., Momeni, A., Wang, S., et al. (2019). Specimen shape and cross-section effects on the mechanicalproperties of rocks under uniaxial compressive stress. Bull. Eng. Geol. Environ. 78, 6061–6074. doi: 10.1007/s10064-019-01518-x

Du, K., Tao, M., Li, X. B., and Zhou, J. (2016). Experimental study of slabbing and rockburst induced by true-triaxial unloading and local dynamic disturbance. Rock Mech. Rock Eng. 49, 3437–3453. doi: 10.1007/s00603-016-0990-4

Ge, Z., and Sun, Q. (2018). Acoustic emission (AE) characteristics of granite after heating and cooling cycles. Eng. Fract. Mech. 200, 418–429. doi: 10.1016/j.engfracmech.2018.08.011

Goodman, R. E. (1963). Subaudible noise during compression of rocks. Geol. Soc. Am. Bull. 74, 487–490.

Guo, J., Feng, G. R., Qi, T. Y., Wang, P., Yang, J., Li, Z., et al. (2018). Dynamic mechanical behavior of dry and water saturated igneous rock with acoustic emission monitoring. Shock Vib. 2018:2348394. doi: 10.1155/2018/2348394

Hao, R., Jiang-teng, L., and Ping, C. (2015). Test of subcritical crack growth and fracture toughness under water-rock interaction in three types of rocks. J. Cent. South Univ. 22, 662–668. doi: 10.1007/s11771-015-2568-9

Hu, Q. C., and Dong, L. J. (2019). Acoustic emission source location and experimental verification for two-dimensional irregular complex structure. IEEE Sens. J. 20, 2679–2691. doi: 10.1109/JSEN.2019.2954200

Li, A. Q., Zhang, R., Ai, T., Gao, M. Z., Zhang, Z. T., Jing, X., et al. (2016). Acoustic emission space-time evolution rules and failure precursors of granite under uniaxial compression. Chin. J. Geotechn. Eng. 38, 306–311.

Li, S. Y., He, T. M., and Yin, X. C. (2010). Introduction of Rock Fracture Mechanics. HeFei: University of Science and Technology of China Press.

Liu, D. Q., Wang, Z., Zhang, X. Y., Wang, Y., Zhang, X. L., Dong, L., et al. (2018). Experimental investigation on the mechanical and acoustic emission characteristics of shale softened by water absorption. J. Nat. Gas. Sci. Eng. 50, 301–308. doi: 10.1016/j.jngse.2017.11.020

Liu, X. L., Pan, M. C., Li, X. B., and Wang, J. P. (2017). Acoustic emission b-value characteristics of granite under dynamic loading and static loading. Chin. J. Rock Mech. Eng. 1, 3148–3155.

Liu, X. R., Fu, Y., Zheng, Y. R., and Liang, N. H. (2012). A review on deterioration of rock caused by water-rock interaction. Chin. J. Undergr. Space Eng. 1, 77–82.

Meng, Q. B., Zhang, M. W., Han, L. J., Pu, H., and Nie, T. Y. (2016). Effects of acoustic emission and energy evolution of rock specimens under the uniaxial cyclic loading and unloading compression. Rock Mech. Rock Eng. 49, 3873–3886. doi: 10.1007/s00603-016-1077-y

Naoi, M., Chen, Y., Nishihara, K., Yamamoto, K., Yano, S., Shota, W., et al. (2018). Monitoring hydraulically-induced fractures in the laboratory using acoustic emissions and the fluorescent method. Int. J. Rock Mech Min. 104, 53–63. doi: 10.1016/j.ijrmms.2018.02.015

Pei, J. L., Liu, J. F., Zuo, J. P., and Zhang, R. (2013). Investigation on dynamic evolution process of natural fractures based on acoustic emission position. Chin. J. Rock Mech. Eng. 32, 696–704.

Peng, K., Liu, Z. P., Zou, Q. L., Wu, Q. H., and Zhou, J. Q. (2020). Mechanical property of granite from different buried depths under uniaxial compression and dynamic impact: an energy-based investigation. Powder Technol. 362, 729–744. doi: 10.1016/j.powtec.2019.11.101

Peng, K., Zhou, J., Zou, Q., and Yan, F. (2019). Deformation characteristics of sandstones during cyclic loading and unloading with varying lower limits of stress under different confining pressures. Int. J. Fatigue. 127, 82–100. doi: 10.1016/j.ijfatigue.2019.06.007

Rao, M., and Lakshmi, K. P. (2005). Analysis of b-value and improved b-value of acoustic emissions accompanying rock fracture. Curr. Sci. India 89, 1577–1582.

Rudajev, V., Vilhelm, J., and Lokajıìcek, T. (2000). Laboratory studies of acoustic emission prior to uniaxial compressive rock failure. Int. J. Rock Mech. Min. 37, 699–704. doi: 10.1016/S1365-1609(99)00126-4

Sagasta, F., Zitto, M. E., Piotrkowski, R., Benavent-Climent, A., Suarez, E., and Gallego, A. (2018). Acoustic emission energy b-value for local damage evaluation in reinforced concrete structures subjected to seismic loadings. Mech. Syst. Signal Process. 102, 262–277. doi: 10.1016/j.ymssp.2017.09.022

Sirdesai, N. N., Gupta, T., Singh, T. N., and Ranjith, P. G. (2018). Studying the acoustic emission response of an Indian monumental sandstone under varying temperatures and strains. Constr. Build. Mater. 168, 346–361. doi: 10.1016/j.conbuildmat.2018.02.180

Vásárhelyi, B., and Ván, P. (2006). Influence of water content on the strength of rock. Eng. Geol. 84, 70–74. doi: 10.1016/j.enggeo.2005.11.011

Wan, L. H., Cao, P., Huang, Y. H., and Wang, Y. X. (2010). Study of subcritical crack growth of rocks and threshold values in different environments. Chin. J. Rock Soil Mech. 31, 2737–2742.

Wang, M. M., and Xiao, L. H. (2018). The b-value analysis of bedded shale under cyclic loading experiments. J. Geophys. Eng. 15, 1291–1299. doi: 10.1088/1742-2140/aaaf48

Wang, Q. S., Chen, J. X., Guo, J. Q., Luo, Y. B., Wang, H. Y., Qing, L., et al. (2017). Acoustic emission characteristics and energy mechanism in karst limestone failure under uniaxial and triaxial compression. B. Eng. Geol. Environ. 78, 1427–1442. doi: 10.1007/s10064-017-1189-y

Zeng, Z. W., Ma, J., Liu, L. Q., and Liu, T. C. (1995). Acoustic emission b-value dynamic features during rock mass fracturing and their sicnificances. Seismol. Geol. 1, 7–12.

Zhang, Q., and Zhang, X. P. (2017). A numerical study on cracking processes in limestone by the b-value analysis of acoustic emissions. Comput. Geotech. 92, 1–10. doi: 10.1016/j.compgeo.2017.07.013

Zhang, Y. B., Liang, P., Liu, X. X., and Tian, B. Z. (2017). Experimental study on the effect of acoustic emission quiet period of granite with water-saturated. Chin. J. Undergr. Space Eng. 13, 598–605.

Zhang, Y. B., Liang, P., Sun, L., Tian, B. Z., and Yao, X. L. (2019). Spectral characteristics of acoustic emission in the process of saturated granite fracture under uniaxial compress. Chin. J. Rock Soil Mech. 40, 2497–2506.

Zhao, G. Y., Dai, B., Dong, L. J., and Cheng, Y. (2015). Energy conversion of rocks in process of unloading confining pressure under different unloading paths. Trans. Nonferr. Met. Soc. China. 25, 1626–1632. doi: 10.1016/S1003-6326(15)63767-0

Zhao, X. D., Liu, J. P., Li, Y. H., Tian, J., and Zhu, W. C. (2008). Experimental verification of rock locating technique with acoustic emission. Chin. J. Geotechn. Eng. 30, 1472–1476.

Zhao, X. D., Tang, C. A., Li, Y. H., Yuan, R. F., and Zhang, J. Y. (2006). Study on acoustic emission activity characteristics under uniaxial compression loading. Chin. J. Rock Mech. Eng. 25, 3673–3678.

Zhao, Y. L., Wang, Y. X., and Tang, L. M. (2019). The compressive-shear fracture strength of rock containing water based on druker- prager failure criterion. Arab. J. Geosci. 12:452.

Zhao, Y. L., Zhang, L. Y., Wang, W. J., Tang, J. Z., Lin, H., and Wan, W. (2017). Transient pulse test and morphological analysis of single rock fractures. Int. J. Rock Mech. Min. 91, 139–154. doi: 10.1016/j.ijrmms.2016.11.016


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 © 2020 Zhang, Ma, Sun, Zhang and Chen. 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: 20 March 2020
doi: 10.3389/feart.2020.00078





[image: image]

Study on “Triaxial Loading-Unloading-Uniaxial Loading” and Microscopic Damage Test of Sandstone

Chao Yuan1,2,3*, Yuning Guo3, Wenjun Wang1,2,3, Liming Cao3, Lei Fan3 and Cong Huang3

1Work Safety Key Lab on Prevention and Control of Gas and Roof Disasters for Southern Coal Mines, Xiangtan, China

2Hunan Key Laboratory of Safe Mining Techniques of Coal Mines, Xiangtan, China

3School of Resources, Environment and Safety Engineering, Hunan University of Science and Technology, Xiangtan, China

Edited by:
Lianyang Zhang, University of Arizona, United States

Reviewed by:
Jie Liu, Hunan Institute of Engineering, China
Yao Qi, Hunan City University, China

*Correspondence: Chao Yuan, yuanchaozh1@126.com

Specialty section: This article was submitted to Earth and Planetary Materials, a section of the journal Frontiers in Earth Science

Received: 10 January 2020
Accepted: 05 March 2020
Published: 20 March 2020

Citation: Yuan C, Guo Y, Wang W, Cao L, Fan L and Huang C (2020) Study on “Triaxial Loading-Unloading-Uniaxial Loading” and Microscopic Damage Test of Sandstone. Front. Earth Sci. 8:78. doi: 10.3389/feart.2020.00078

To study the weakening process, deformation, and failure characteristics of rock masses surrounding deep chambers under complex stress environments, triaxial loading tests along with triaxial loading/unloading followed by uniaxial loading tests were conducted on sandstone specimens. The internal microcracks of the specimens under the loading and unloading of triaxial confining pressure were observed by scanning electron microscopy. The results revealed the inherent mechanism of plastic deformation (irreversible deformation) of the rock mass under different confining pressures. Under uniaxial loading and triaxial loading, the sandstone specimens exhibited X-shaped shear failure and single shear failure, respectively. In contrast, the sandstone samples subjected to the loading and unloading of triaxial confining pressure followed by uniaxial loading showed multiple shear fracture surfaces and fine fissures along the axial direction. A larger initial axial pressure of the sandstone specimen corresponded to a smaller uniaxial loading strength after unloading the confining pressure, a greater amount of plastic deformation, more macro- and microfissures, and more severe damage to the specimen. These results show that the final failure mode, strength, degree of damage, and plastic deformation of sandstone specimens are related to the stress state at the time of failure along with the loading history before failure.

Keywords: strength, plastic deformation, failure pattern, macrofissure, microfissure


INTRODUCTION

The excavation of deep underground chambers changes the stress state of the surrounding rock and causes the peak stress value in the surrounding rock to shift toward greater depth. This process is usually accompanied by disturbances (e.g., rheological and seepage) and results in rock burst, spallation, plate fracture, and other forms of rock failure and instability. These effects have serious consequences for construction speed, quality, and safety (Yu et al., 2019; Yuan et al., 2020). The failure and instability of the rock surrounding deep chambers are essentially products of a gradual process in which the rock mass develops mesodamage and macrofractures under the action of secondary stress. The mechanics of this process are derived from the different degrees of stress unloading and reloading during the course of stress adjustment in a state of high three-dimensional stress. The mechanical properties of the rock mass are closely related to its loading history and are fundamentally different from those of a rock mass under monotonic or constant load. Therefore, to accurately analyze the stability of the chamber-surrounding rock mass, it is necessary to study the macro and meso deformation failure characteristics along with the weakening processes of rock masses under various loading and unloading modes.

Numerous studies have evaluated the mechanical responses and damage characteristics of rock masses under loading and unloading, providing important reference data (Zhao et al., 2016, 2019b). Zhou et al. (2020) studied the internal stress distribution and failure characteristics of cylindrical cavities under triaxial cyclic loading and found that the number of cracks in the rock mass increased as the triaxial loading progressed, accompanied by plastic deformation. Yang et al. (2009) comparatively studied salt rock deformation characteristics under uniaxial loading along with cyclic loading and unloading. The authors found that the deformation parameters were more regular under cyclic unloading and reloading compared to under uniaxial stress–strain. Fuenkajorn and Phueakphum (2010) carried out uniaxial cyclic loading and unloading tests on salt rocks to study the effects of cyclic loading on the uniaxial compressive strength, elastic modulus, and irreversible deformation of rock masses. The results showed that the compressive strength of the rock mass decreased continuously with the number of cyclic loadings, and the elastic modulus was limited by the number of cyclic loadings. Zhou et al. (2014) studied the brittle failure characteristics and mechanical deformation mechanism of granite under different confining pressures through triaxial compression tests and scanning electron microscopy (SEM) analyses of fracture surfaces. Fan et al. (2019) used a combination of rock mechanics tests and numerical simulations to study how the degree of weathering affects the shear behavior and mechanical properties of rock masses. The authors also observed the initiation, propagation, and consolidation of cracks. Liu and Li (2018) simulated triaxial cyclic loading and unloading tests on marble using a particle flow program. They found that many cracks appeared in the marble during cyclic loading, and the number of cracks exhibited good “memory” behavior at the initial stage of loading. When the load entered the plastic zone, “non-memory” behavior gradually appeared. Gao et al. (2018) studied the mechanical properties, failure modes, and effects of confining pressure during the uniaxial and triaxial compression tests of marble specimens and obtained the brittle transition characteristics of marble with increasing confining pressure. Shen et al. (2019) prepared a single-joint sandstone specimen and found that the specimen exhibited irreversible plastic deformation during the early stage of cyclic loading and unloading. Fan et al. (2018) carried out loading and unloading tests on cubic red sandstone specimens and analyzed their strength characteristics under loading and unloading conditions; they found that the unloading effect was related to the end-point stress state along with the stress state and unloading path before failure. Li et al. (2018) carried out triaxial compression tests along with cyclic loading and unloading tests on frozen saturated sandstone specimens and analyzed the strength characteristics of the specimens under different confining pressures. They found that the peak intensity of the rock mass under low confining pressure increased during cyclic loading and unloading, and the peak intensity appeared to weaken under high confining pressure. Du et al. (2016) studied the effect of intermediate principal stress on the rupture of the fracture plate of the rock mass through triaxial compression tests. Gong et al. (2019) conducted a triaxial compression test on a rock mass to study the effect of intermediate principal stress on plate fracture. Under the initial stress conditions of triaxial loading, the intermediate principal stress remained unchanged, the minimum principal stress was rapidly unloaded, and the maximum principal stress slowly increased. The failure mode of the rock mass was found to be shear failure when the intermediate principal stress was small, whereas the failure mode was plate fracture when the intermediate principal stress was large. Zhao et al. (2019a) conducted Brazilian split tests on sandstone specimens treated with hot water to study the relationship between stress/strain and temperature. They also used SEM to observe the sandstone specimens treated at high temperature and high pressure. Wu et al. (2019) conducted Brazilian split tests on granite specimens after heating and cooling treatments and analyzed the effects of these treatments on the P-wave velocity, microcracks, tensile strength, and fracture roughness of the samples. Amitrano and Schmittbuhl (2002) employed SEM to analyze the microcharacteristics of the rock shear fracture zone resulting from crack initiation, propagation, nucleation, and microcrack penetration. Based on triaxial loading and unloading tests on marble and granite, Li et al. (2016) investigated the evolution of rock energy in the unloaded state along with the mechanical characteristics of rock failure under different pathways. Through various loading and unloading tests under different rates, stresses, and stress differences, Zhang et al. (2012) obtained the deformation, failure, and strength characteristics of soft and hard rocks represented by siltstone and granite, respectively, under complicated conditions. Wang et al. (2019) found that soft rock undergoes shear failure under loading and unloading conditions, with essentially no microcrack formation with the exception of the main cracks during loading. When unloading, secondary cracks were more developed after rock sample failure at low unloading stress rates. Zuo et al. (2013) studied the rock deformation characteristics and pattern of strength change under different unloading rates. Deng et al. (2019) found that the failure modes of intermittent joint sandstones can be divided into three types: tensile failure, polyline-type composite shear failure, and shear failure along the joint plane. Zheng et al. (2019) studied the spatiotemporal changes in the water contents of coal samples before and after water immersion along with the characteristics of crack propagation and failure. They found that increasing the water content promoted a transition in the macroscopic failure mode from tensile failure to tensile shear composite failure. Using on-site-collected shale and limestone samples that were “spliced” into six different combinations of layered composite rock masses via indoor processing, Teng et al. (2018) analyzed the development of internal cracks before and after specimen rupture. Wang et al. (2018) studied the effects of joint interactions on the mechanical behavior of rock masses. They found that joint specimens could be divided into four failure modes under compression and shear loading: coplanar shear failure, shear failure along joint surfaces, shear failure along shear–stress surfaces, and intact shear failure. Through laboratory-based rock mechanics experiments, Zhao et al. (2017, 2019c) found that the instantaneous deformation and creep deformation of the rock mass are closely related to the deviatoric stress. High deviatoric stress is the main reason for the instability of the rock surrounding the deep chamber. Ding et al. (2019) studied the internal mechanism of irreversible deformation in rock specimens during the loading and unloading of confining pressure from a microscopic perspective. The irreversible deformation caused by skeleton particle displacement and the increase in rock compactness were found to cause the irreversible permeability.

In summary, previous studies mainly focused on the characteristic responses of rock stress, strain, and energy during the unloading processes of rock masses. However, few studies have been reported on the entire process of unloading after confining pressure of that. Toward this end, we carried out triaxial loading tests along with triaxial confining pressure loading/unloading tests followed by uniaxial loading using sandstone specimens. Furthermore, SEM was used to observe the microcracks in sandstone specimens under the loading and unloading of triaxial confining pressure. The deformation and failure, strength, and internal damage characteristics of rock masses under different stress pathways were then analyzed. The results provide guidance for the prevention and control of disasters related to the rock surrounding deep underground chambers.



MATERIALS AND METHODS


Principle of Sandstone Loading and Unloading Tests

The deformation of the rock surrounding deep underground chambers is primarily caused by the plastic deformation, expansion deformation, and bulge deformation of the rock mass in the crushed area and the plastic area. The rock mass in the fragmentation zone on the surface of the chamber rock is in a state of low confining pressure or even a state of uniaxial loading (the rock mass in the complete area with regional breakdown can also be approximated as a state of uniaxial loading). The radial stress in the chamber is the minimum principal stress, while the hoop stress is the maximum principal stress. Under different confining pressures, the stress environment of the rock mass in the plastic zone is triaxial loading. During the mining of a coal face, the unidirectional or triaxial stress reloading of the rock mass in the crushed area and the plastic area of the chamber rock is transferred by advance support pressure transfer. According to the stress changes during the excavation of the rock surrounding the deep chamber and the mining of the coal face, the process of mechanical deformation can be divided into three stages: (1) the high-stress triaxial loading stage, which corresponds to the loading history before the excavation of deep rock masses; (2) the unloading stage, which corresponds to the stress caused by chamber excavation; and (3) the reloading stage, which corresponds to the increase in advanced support pressure during the mining of the face. Therefore, it is necessary to subject samples to the loading and unloading of triaxial confining pressure followed by uniaxial loading and reproduce the stress state along with the deformation and failure characteristics of the rock surrounding the deep underground chamber.



Experimental Design for Sandstone Loading and Unloading Tests

The experimental rock mass was white sandstone with high homogeneity, few natural joints, and good integrity. Testing was carried out using a MTS815 rock mechanics test system with four independent control systems: axial pressure, confining pressure, pore water pressure, and temperature. The overall stiffness of the testing machine frame was 10.5 × 109 N/m, and its maximum axial force was 4600 kN. The maximum confining pressure was 140 MPa, and the long-term stability of the axial and confining pressures was ≤± 1%. The axial and radial strains of the rock specimen during deformation were measured using a built-in axial extensometer and chain hoop extensometer. Figure 1 shows a schematic diagram of the deformation test system. The testing process consisted of the following steps.


[image: image]

FIGURE 1. Schematic of the deformation test system.



(1)A set of standard test specimens was selected for triaxial loading under different confining pressures of 0, 5, 10, 15, 20, 25, 30, 35, and 40 MPa. The test piece was first loaded with an axial pressure of 1.5 kN, and the axial and confining pressures were then loaded at a rate of 0.05 MPa/s. After the confining pressure was loaded to the preset value, an axial pressure was applied at a rate of 0.1 kN/s, and the load was brought close to the peak intensity of the test piece. When the axial stress was loaded to 98% of the peak strength, the displacement loading control method was applied, and the loading rate was maintained at 0.001 mm/s until the rock specimen was destroyed. For each test, the average value of three specimens was taken as the peak stress.

(2)According to the peak intensity obtained in step (1), taking into account the ground stress conditions of underground engineering, and based on the peak sandstone intensity at a confining pressure of 30 MPa, axial pressure was applied at a rate of 0.1 kN/s. The test specimens were loaded with predetermined pressures of 20, 30, 40, and 50 kN (i.e., the stress state before sample failure) (Liu et al., 2017), and the confining pressure was unloaded directly after stabilization for 10 min at an unloading rate of 0.005 MPa/s. Subsequently, the axial pressure was unloaded at an unloading rate of 0.01 kN/s.

(3)The sandstone specimens that were not damaged in step (2) were subjected to uniaxial loading tests. The specimens were loaded until failure by applying axial pressure at a rate of 0.2 kN/s.



Table 1 shows the initial stress levels, loading and unloading types, and loading and unloading rates used in the deformation tests.


TABLE 1. Conditions of triaxial loading/unloading tests and uniaxial loading tests under different confining pressures.

[image: Table 1]



RESULTS


Uniaxial and Triaxial Loading Tests


Sandstone Failure Morphology

After failure under uniaxial loading, the sandstone specimens were block shaped and could mostly be divided into four blocks: two “cone” blocks at the upper and lower ends of the test piece and two “triangular” blocks at the left and right ends of the test piece. As a whole, the specimens exhibited X-shaped shear failure, as shown in Figure 2A. Compared with the test piece subjected to uniaxial loading, the specimens under different confining pressures showed obvious single-shear slip failure, with the fracture surface sheared along a single bevel and the test piece divided into two triangular pyramid-shaped fractured blocks; thus, the failure mode was shear failure, as shown in Figures 2B–I.


[image: image]

FIGURE 2. Sandstone failure morphologies under uniaxial and triaxial loading. (A) Confining pressure, 0 MPa; (B) Confining pressure, 5 MPa; (C) Confining pressure, 10 MPa; (D) Confining pressure, 15 MPa; (E) Confining pressure, 20 MPa; (F) Confining pressure, 25 MPa; (G) Confining pressure, 30 MPa; (H) Confining pressure, 35 MPa; (I) Confining pressure, 40 MPa.




Stress and Strain Characteristics of Sandstone

The stress–strain curves of sandstone samples under different confining pressures are shown in Figure 3. The steepness of the stress–strain curve increased with increasing confining pressure, corresponding to increased elastic modulus and greater resistance of the rock body to deformation and failure. Under low confining pressure, the sandstone exhibited obvious brittle failure characteristics after the peak in the stress–strain curve. For example, when the confining pressure was 5 MPa, the failure mode of the rock mass was brittle failure, and a rather large decrease in stress was observed. As the confining pressure gradually increased, ductile failure characteristics began to appear after the peak in the curve, and the ductile characteristics became more obvious with increasing confining pressure. For example, when the confining pressure was increased to 25 MPa, the deformation and failure of sandstone showed obvious ductile characteristics, and the large-scale decrease in stress disappeared.


[image: image]

FIGURE 3. Stress–strain curves of sandstone specimens under different confining pressures.


The curves of axial strain vs. time are shown in Figure 4 for different confining pressures. Under the same loading rate, the axial strain of the sandstone specimen increased with increasing confining pressure, and the change in axial strain could be divided into the following three stages. (1) In the deceleration and deformation phase, axial strain decreased with increasing axial stress (i.e., convex relationship); however, due to the effects of test prestress and hydrostatic pressure, this phase gradually disappeared as the confining pressure increased. (2) In the stable deformation stage, the stress–strain curve of the rock mass was approximately linear; this stage was extended as the confining pressure increased. (3) During the accelerated deformation phase, the axial stress continued to increase, and the axial strain increased rapidly along the axial direction of the specimen, causing the sandstone to quickly fracture and become unstable.
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FIGURE 4. Curves of axial strain vs. time for sandstone specimens under different confining pressures.


MATLAB software was used to describe the relationships between peak strength and confining pressure and between residual strength and confining pressure (Figures 5, 6). The peak and residual strengths of the sandstone specimens increased parabolically with increasing confining pressure. A higher confining pressure corresponded to higher peak and residual strengths of specimen failure; however, the peak intensity gradually decreased with the rate of increase in confining pressure.
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FIGURE 5. Curve of peak strength vs. confining pressure.



[image: image]

FIGURE 6. Curve of residual strength vs. confining pressure.


For an underground chamber, if the support resistance is regarded as the confining pressure, increasing the support resistance will increase the peak strength of the surrounding rock. To some extent, increasing the support resistance is helpful for increasing the peak strength and residual strength of the surrounding rock and for enhancing the ability of the surrounding rock to resist damage.




Triaxial Loading/Unloading Followed by Uniaxial Loading


Sandstone Failure Morphology

The average peak strength of the sandstone specimen under a confining pressure of 30 MPa was 117.1 MPa. Based on this peak strength, the specimens were subjected to the loading and unloading of triaxial confining pressure followed by uniaxial loading with different values of initial axial compression.

As shown in Figure 7, unlike the sandstone specimens under uniaxial loading and triaxial loading under multiple confining pressures (see Figure 2), the failure morphology of the rock mass subjected to the loading/unloading of triaxial confining pressure followed by uniaxial compression was clearly different. In addition to the main shear failure surface, two or more fissures ran through the entire specimen. A small number of local shear failure surfaces were observed, and fine cracks appeared along the direction of axial stress in the specimen. The cracks intersected each other, and the number of cracks increased with increasing initial axial pressure.
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FIGURE 7. Failure patterns of white sandstone samples subjected to the loading and unloading of triaxial confining pressure followed by uniaxial compression. (A) Initial axial pressure, 20 kN; (B) Initial axial pressure, 30 kN; (C) Initial axial pressure, 40 kN; (D) Initial axial pressure, 50 kN.


Based on failure surface and the number of macrocracks, the failure mode of the rock mass was not only related to the stress state at the time of final failure; it was also strongly related to the loading and unloading history and corresponding stress level of the rock mass. The history of loading and unloading will inevitably cause some damage to the rock mass.



Stress and Strain Characteristics of Sandstone Under Confining Pressure

Figure 8 shows the relationship between the confining pressure during the unloading process and the axial strain for sandstone samples with different initial axial compression. Due to the different initial values of axial compressive stress, the axial strains at the initial stage of confining pressure unloading differed. Thus, the axial strain of the initial stage of confining pressure unloading increased with increasing initial axial pressure. The axial strain of the rock mass decreased in an approximately linear fashion as the confining pressure was unloaded. When the confining pressure of the rock mass was unloaded to 0 MPa, the axial strain was not reduced to zero. This indicates that under the action of confining pressure, axial deformation can be divided into two parts: recoverable elastic deformation and unrecoverable plastic deformation. Plastic deformation increased with increasing initial axial pressure.
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FIGURE 8. Curves of confining pressure during the unloading process vs. axial strain for different initial axial pressures.


Figure 9 shows the curves of confining pressure during the unloading process vs. hoop strain for different initial axial pressures. Similar to the curves shown in Figure 8, the hoop strain corresponding to the initial confining pressure increased with the initial axial pressure and decreased linearly as the confining pressure was unloaded. This indicates the presence of some recoverable elastic deformation in the hoop direction. When the unloading confining pressure reached a certain critical value, the hoop strain curve shifted toward the left, and hoop strain began to increase linearly. When the confining pressure was unloaded to 0 MPa, the hoop strain increased with increasing initial axial pressure. Compared to the hoop strain of the rock mass during the initial and final unloading of confining pressure, although no significant damage occurred, the unloading caused some unrecoverable deformation in the hoop of the rock mass (i.e., plastic deformation).
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FIGURE 9. Curves of confining pressure during the unloading process vs. hoop strain for different initial axial pressures.


Figure 10 shows the curves of confining pressure during the unloading process vs. volumetric strain. In the initial stage of confining pressure unloading, the volumetric strain remained essentially unchanged. When the confining pressure was unloaded to a certain value, the volumetric strain began to decrease rapidly to the zero-volume point and then increased continuously as confining pressure continued to be unloaded; a significant capacity expansion phenomenon was observed.
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FIGURE 10. Curves of confining pressure during the unloading process vs. volumetric strain for different initial axial pressures.




Stress and Strain Characteristics of Sandstone Under Uniaxial Loading

Figure 11 shows the stress–strain curves of uniaxial loading after the confining pressure of sandstone specimens was unloaded under different initial axial pressures. As shown in Figure 12, when the confining pressure was 30 MPa, a higher initial axial load corresponded to a lower sandstone specimen strength after the unloading of confining pressure followed by uniaxial loading. Furthermore, the peak intensity decreased in a non-linear fashion as the initial axial pressure increased.
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FIGURE 11. Uniaxial compressive stress–strain curves.
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FIGURE 12. Relationship between uniaxial peak intensity and initial axial pressure.


According to the above results, the loading history of sandstone affects the strength of the rock mass along with the degrees of damage and plastic deformation. The number of macroscopic fractures in the rock mass increased with increasing initial axial pressure. For deep, high-stress chambers, although the rock mass around the excavated chamber may not experience macrodamage, mining and other influences often cause a certain degree of damage to the interior of the rock mass, and the strength of the rock mass is weakened to a large extent upon the unloading of the confining pressure. This is one of the main reasons for the difficulty in predicting and effectively controlling disasters in the rock masses surrounding high-stress chambers.




Analysis of Mesodamage Based on the Results of Sandstone Loading and Unloading Tests


Sandstone Mesocracking Observation Equipment

Based on the above analysis, the uniaxial compressive strength of the sandstone specimen gradually decreased with increasing initial axial pressure, indicating that different initial axial pressures cause different degrees of damage to the rock mass. To reveal the mesodamage mechanism of sandstone under different initial axial compression levels, another white sandstone specimen was subjected to a triaxial confining pressure loading–unloading test. The unloaded test piece was cut with a small cutting machine, and the cutting surface was observed by SEM using a SU3500 scanning electron microscope.



Microscopic Analysis of Sandstone Damage

Figure 13 shows SEM images depicting the internal damage to sandstone samples under different initial axial compressive stress levels. The red arrows refer to microfissures. When the initial axial pressure was 20 kN (Figure 13A), the rock surface exhibited two obvious microcracks. When the initial axial pressure was increased to 30 kN, the number of microfissures on the surface of the rock mass reached four (Figure 13B). When the initial axial pressure was increased to 40 or 50 kN, the number of microfissures on the surface of the rock mass exceeded 10 (Figures 13C,D). Thus, the number of microfractures on the surface of the rock mass increased gradually with increasing initial axial pressure. When the number of microfractures reached a certain value, interpenetration occurred between the microcracks, and the distribution was uneven.
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FIGURE 13. SEM images showing the internal damage of the rock mass under different initial axial compression levels. (A) Initial axial pressure, 20 kN; (B) Initial axial pressure, 30 kN; (C) Initial axial pressure, 40 kN; (D) Initial axial pressure, 50 kN.


The above results suggest that the loading/unloading history the rock masses surrounding deep underground chambers should not be ignored in efforts to prevent and control disasters in the surrounding rock. Even if the chamber rock does not exhibit macrocracks or damage, a certain amount of damage will be present inside the rock mass, and the number of microfractures that appear in the rock mass is closely related to the magnitude of the load.





CONCLUSION


(1)The sandstone specimens under uniaxial loading and triaxial loading showed X-shaped shear failure and single-shear failure modes. However, the samples subjected to the loading and unloading of triaxial confining pressure followed by uniaxial loading exhibited multiple fracture surfaces and fine secondary cracks along the axial direction of the specimen. The number of cracks gradually increased with increasing initial axial pressure.

(2)The peak strength of the sandstone specimen subjected to the loading and unloading of triaxial confining pressure followed by uniaxial loading increased with increasing initial axial pressure; however, the sensitivity of the increase decreased.

(3)The axial and circumferential deformation of sandstone specimens during the unloading of confining pressure could be divided into two parts: recoverable elastic deformation and non-recoverable plastic deformation. Plastic deformation increased with increasing initial axial pressure.

(4)Although the sandstone specimen did not exhibit macrocracks or damage after the process of triaxial compression loading/unloading, a certain degree of damage occurred inside the specimen, and microfissures were observed. The number of microfissures gradually increased as the initial axial pressure of the rock mass increased. The internal microstructural changes observed in the sandstone specimens were in good agreement with their plastic deformation.
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For the underground engineering, time-dependent behavior (i.e., creep) of rocks is one of the main reasons for instability of surrounding rock in great stress conditions. It is important to investigate more details on time-dependent deformation for understanding the mechanical behavior of rock over timescales. In the present work, conventional compression tests were performed firstly to study mechanical properties and determine the stress levels for creep tests. Secondly, the creep behavior of the marble was investigated at the great stress proportion of 80, 85, and 90% of corresponding peak strength under uniaxial and triaxial compression, combined with Acoustic Emission (AE) technique. Results show that creep curves at the stress ratio of 80 and 85% exhibit three stages of the idealized creep curves, while curves at the stress ratio of 90% exhibit two stages. Damage variables, calculated based on instantaneous cumulative AE energy and total amount, augment slightly initially and increase rapidly subsequently before failure, and the turning points in D-t/tf curves can be observed when t/tf is 0.3, defined as the initial-damage escalation threshold, and D increases moderately when t/tf exceeds 0.85. These results provide a foundation to study creep behavior and predict creep failure.

Keywords: creep failure, various stress ratios, volumetric strain rate, AE energy, damage variable


NOTATION

ν, Poisson ratio; VP m/s, P-wave velocity; VS m/s, S-wave velocity; εV, volumetric strain; ε1, axial strain; ε3, lateral strain; σcd MPa, crack damage stress; σP MPa, peak strength; σ1 MPa, axial stress; σ3 MPa, confining pressures; C MPa, cohesion; φ, friction angle; [image: image] h–1, axial strain rate; [image: image] h–1, volumetric strain rate; εc, creep strain; ε0, transient strain; εt, total strain; β, the percentage of creep strain to the total strain.



INTRODUCTION

Rocks under constant stresses have time-dependent characteristics, namely, creep. In some great-stress conditions, creep can cause instability and failure of rock. The characteristics of creep behavior are important to predict the long-term evolution of rock engineering. In 1939, Griggs performed creep studies on rock and reported that rock deformation varied with time at a certain stress level (Griggs, 1939). Researchers have made great efforts to perform experiments to analyze features on different kinds of rock, such as granite (Lin et al., 2009; Chen et al., 2015; Xu et al., 2017), shale (Sone and Zoback, 2014), rock salt (Mansouri and Ajalloeian, 2018), sandstone (Brantut et al., 2014b; Chen et al., 2018), limestone (Brantut et al., 2014a; Nicolas et al., 2017), and coal (Ma et al., 2018; Zhang et al., 2019). Additionally, effects of loading history, including single-stage, multi-level loading (Zhao et al., 2017b; Yang et al., 2018), cycle loading and unloading (Chen et al., 2018) were investigated, and numerous researches focused on the temperatures (Xu et al., 2017), water (Liu and Shao, 2017; Yu C. et al., 2019), as well as initial porosity (Brantut et al., 2013). On the other hand, theoretical analysis has been also conducted. Because traditional models, such as Kelvin and Burgers, cannot be directly used to estimate the accelerated stage, researchers revised those traditional models to investigate and stimulate creep behaviors (Cao et al., 2016; Zhao et al., 2017a, b, c; Singh et al., 2018; Niu et al., 2019; Wu et al., 2019; Yu J. et al., 2019). For example, researchers proposed a new model based on variable-order fractional derivatives assuming the coefficient constant as a function of time (Singh et al., 2018; Wu et al., 2019). Previous work reveals that brittle creep exhibits three stages of idealized creep behavior, decelerated creep, steady creep, and accelerated creep until failure. The failure of rock is a result of damage evolution induced by cracks production and extension during the process.

Some methods have been used to estimate the damage over the failure process, such as CT scanning and Acoustic Emission (AE) (Yu et al., 2015b). AE technique, a non-destructive method, has been used to monitor and forecast the rockburst since the mid-1950s. Researchers have studied the relationship between AE characteristics and rock damage (Viitanen et al., 2019; Zhu et al., 2019). Additionally, AE was used to predict earthquakes and damage characterization (Wang et al., 2017; Yao et al., 2020). AE is a promising method for investigating rock damage and failure.

Although researchers have studied the creep deformation and failure, however, specific damage evolution over the creep process is paid little attention. The present work aims to study the creep behavior and damage evolution of rock specimens using AE under stresses approaching the peak strength. Conventional compression experiments were performed initially to determine mechanical properties, and subsequently, a series of creep experiments were performed at various stress ratios, namely 80, 85, and 90% of the corresponding peak strength combined with AE technique.



EXPERIMENTAL MATERIALS AND METHODS


Material

Marble blocks were obtained from Hezhou, Guangxi Province, China with the depth of 100–150 m and in situ stress of approximately 2.3–3.7 MPa. All specimens were from the same rectangular block in the same direction. Specimens were drilled, cut and polished into 50 mm × 100 mm cylinder standard specimens in accordance with the experiment specification recommended by International Society for Rock Mechanics (ISRM) as shown in Figure 1A. Specimens with obvious flaws were dismissed, and remained specimens were subjected to acoustic tests to measure P-wave and S-wave velocities. Subsequently, specimens with similar velocities were selected for experiments. Poisson ratio can be determined based on wave velocities by the following Eq. 1. Mechanical properties of marble specimens were presented in Table 1.


[image: image]

FIGURE 1. Specimens and system. (A) Some specimens. (B) Experimental system.



TABLE 1. Physical properties of marble specimens.

[image: Table 1]
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where v is Poisson ratio, and VP and VS are P- and S-wave velocity, respectively.



Experiment Apparatus

Experiments in the present work were performed with the TFD-2000/D servo-controlled triaxial test system as shown in Figure 1B (Chen and Zhang, 2017). This self-developed system included three main parts, a loading system, a pore water loading system, and a dynamic disturbance system. The maximum axial loading was 2000 KN and the maximum confining pressure was 70 MPa. The axial and lateral strains were measured by a pair of linear variable differential transformers (LVDT) placed between the top and middle surface of a specimen, respectively, which is similar to that in conventional compression tests (Yu et al., 2016; Yao et al., 2019). The volume strain can be determined,

[image: image]

where εV, ε1, and ε3 are volumetric, axial and lateral strains respectively.

Furthermore, The AE system (DS5-16), manufactured by the Beijing Softland Times Scientific Technology Corporation, was used to monitor the damage process. In the present work, two sensors were attached to the pressing head shown in Figure 1B. The frequency of the sensors ranges from 16 to 60 kHz, and the central frequency is 40 kHz. The threshold was fixed at the 100 dB and preamplifier gain was 40 dB with the accuracy of 1 dB. The sampling rate was 1 M/s. This system can record AE events over the rock damage and failure process.



Experimental Method

Firstly, a series of conventional compression experiments were performed to determine the stress threshold in creep experiments under confining pressures of 0, 2.5, and 5 MPa at a constant axial displacement rate of 0.05 mm/min until specimen failure respectively. Figure 2 presents stress-strain curves at various confining pressures. The crack damage stresses, σcd, were 32, 40, and 45 MPa, respectively for the confining pressures of 0, 2.5, and 5 MPa, and the peak stresses, σP, were 45, 55, and 65 MPa, respectively. The proportion of σcd/σP was approximately 70% and consequently, after analysis and comparison, the stress threshold for creep was determined as 80, 85, and 90% of the corresponding peak strength at each confining pressure.


[image: image]

FIGURE 2. Stress–strain curves under different confining pressures.


Experiments were performed firstly by loading at a constant loading rate of 500 N/s to the predefined stress. Subsequently, the stress was kept constant, and all of the strain, stress and AE parameters were kept recording until specimen failure.



RESULTS AND DISCUSSION


Conventional Compression Tests

When rock specimens are subjected to load, microcracks are produced, propagated, and interconnected, resulting in the occurrence of a great number of damage in the interior of specimens. During the damage evolution, the elastic energy is released, namely AE, and it is indicated that AE characteristics are related to the damage and failure of rock specimens. The AE waveform is surrounded by an envelope, and the area under the envelope is AE energy. AE energy is rather representative and can be used to assess the strength of AE, and further the damage of rock. In the present work, the damage variable, D, is defined using AE energy by the following function (Zhang et al., 2015).

[image: image]

where N is the instantaneous accumulated AE energy and Nf is total AE energy over the creep failure process.

Figure 3 illustrates the variation of volumetric strain rates, AE energy and D plotted with axial strains under uniaxial compression, as the typical specimen. The failure process is generally divided into five stages of the typical failure process, crack closure, elastic deformation, stable crack growth, unstable crack growth and failure after the peak in earlier studies (Yu et al., 2015a; Cai et al., 2016). Besides, a division in the post-peak stage, decelerating expansion, was proposed after the peak of the maximum volumetric rate (Cai et al., 2017) (shown in Figure 3). In the first stage, because some pre-exist microcracks become closed, stress-strain curve is not linear and volumetric strain rates decrease. Obvious AE energy can be noted and D increases moderately. As the stress approaches the crack closure stress, the pre-exist microcracks are closed completely and D reaches 0.08. Subsequently, the deformation enters into the next stages and the elastic deformation can be observed. Meanwhile, volumetric strain rates and D increases slightly. With a further increase of the stress, the new cracks occur and the AE energy is observed densely. D increases moderately to approximately 0.25. As the load exceeds σcd, the coalescence of microcracks begins, and crack density may reach a critical state. The volumetric strain rate increases rapidly and AE energy occurs densely. D augments to 0.5 with the stress approaching the peak. When the load exceeds σP, numerous cracks propagate continuously, and consequently volumetric strain rates and AE energy augments continuously. As the volumetric strain rates exhibit the maximum, D rises to approximately 0.8. In the final stage, volumetric strain rates decrease rapidly and great AE energy can be noted densely, indicating the specimen failure. In general, both volumetric strain rate and D are similar from the second to fifth stage to some extent.


[image: image]

FIGURE 3. Failure process under unaxial compression.




Experimental Results of Creep Failure and Discussion


The Evolution of Strain and Its Rates

Figure 4 illustrates the axial and volumetric strain under different confining pressures at the constant stresses corresponding to 80, 85, and 90% of the peak strength. It is noted that marble specimens exhibit three-stage creep failure, transient, steady and accelerated creep phase at low stress ratios, namely 80 and 85%, while specimens exhibit two-stage creep failure, transient and accelerated phase at the stress ratio of 90%. The transient axial strain increases slightly with the increase of stress ratios under the same confining pressure. Compared with the axial strain, the volumetric strain augments moderately due to the fast increase of lateral strain. The significant variation of volumetric strain reveals that creep failure is the main result of compression-induced expansion in the lateral dimension.


[image: image]

FIGURE 4. Axial strain vs. time under various confining pressures. (A) σ3 = 0 MPa. (B) σ3 = 2.5 MPa. (C) σ3 = 5 MPa.


The percentage of creep strain (εc) to the total strain (εt) of transient strain (ε0) and creep strain is defined as β.

[image: image]

Figure 5 shows the relationship between the percentages with the stresses. β ranges from 46 to 49% with the increase of stresses from 36 to 46.8 MPa, and it augments moderately to 55% as the stress reaches 55 MPa. This indicates both transient strain and creep strain are equally important components in the total deformation. The previous literature reported the transient strain is the main reason for the damage and there is a threshold on the stress level, approximately 45% of peak strength (Yu C. et al., 2019). Transient strain could be the main dominant portion of the deformation under low stresses (for example, <50% corresponding strength), and creep strain could become increasingly significant with the increase of loading.


[image: image]

FIGURE 5. Relationship between β with aixial stresses.


Instantaneous axial and volumetric strain rates are calculated based on equations as follows,

[image: image]
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As shown in Figure 6, the axial strain rate decreases from 0.003 to 10–4 h–1, and the volumetric strain rate declines from 0.01 h–1 to 3.27 × 10–4 h–1 at the stress portion of 80% under confining pressure of 2.5 MPa. It is noted that both axial and volumetric strain rates increase continuously at the stress ratio of 90% until specimen failure, which are similar to those in previously conventional compression tests to some extent.


[image: image]

FIGURE 6. Axial and volumetric strain rates under various confining pressures. (A) σ3 = 0. (B) σ3 = 2.5 MPa. (C) σ3 = 5 MPa.


Figure 7 illustrates the variation in volumetric strain rates at the stress ratio of 80 and 85% under different stress conditions, plotted with the ratio of time and time-to-failure, t/tf. The volumetric strain rate decreases initially, and it becomes stable relatively when t/tf ranges from 0.1 to 0.85. This period can be considered as the second creep stage. The sharp increase reveals that the time ratio of 0.85 is a mark of the beginning of accelerated creep.


[image: image]

FIGURE 7. Variation of volumetric strain rates with t/tf.


Figure 8 demonstrates time-to-failure at the stress ratio of 80% is approximately 2 times than that at 85%, and 20 times than that at 90% under the confining pressure of 5 MPa. The phenomenon of time-lag failure becomes obscured when the stresses approach the peak strength. tf is determined as a negatively exponential function of steady volumetric strain rates with the great determination of 0.93, as follows,


[image: image]

FIGURE 8. tf at various stress level under each confining pressure.
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AE Characteristics

Figure 9 demonstrates the trend of instantaneous AE energy and deformation of specimens under the confining pressures of 2.5 MPa. In the first stage, the axial strain increases slightly and a transient quiet period in AE energy is observed. Subsequently, a peak in AE energy is noted, indicating the start of the second stage. In such stage, new microcracks are produced and extended stably, resulting in the gradual increase of deformation and AE energy occurs in a relatively low degree under the stress ratio of 80%. Numerous microcracks are widened and connected, leading to the significant expansion, and AE energy occurs continuously and densely under the stress ratio of 90%. As the time goes by, macrocracks are formed, and AE energy densely exhibits the great values, indicating the specimen enters into the third stage. Besides, the continuous and dense degree is noteworthy under the stress ratios of 85 and 90%, and peak values of AE energy become greater with the increase of stress ratio.


[image: image]

FIGURE 9. Instantaneous AE energy plotted with time under the confining pressure of 2.5 MPa. (A) Stress ratio of 80%. (B) Stress ratio of 85%. (C) Stress ratio of 90%.


According to the previous analysis, volumetric strain rates are significant in the rock failure process. To further analyze the damage, D together with volumetric strain rates is demonstrated in Figure 10, under the confining pressure of 2.5 MPa as the typical example. D increases slightly in the first stage, and subsequently, the curve shows a linear augment with a sharp increase before failure. In the second stage, volumetric strain rates are noted at a low level while D augments linearly to approximately 0.8 at the end of this stage. In the third stage, both volumetric strain rate and D increase rapidly until failure. In order to further quantify and estimate the damage, D values are replotted with t/tf under different confining pressures in Figure 11A. Turning points can be observed remarkably with t/tf ranging from approximately 20–35%, and D at turning points is between 0.03 and 0.1, as illustrated in Figure 11B. The average t/tf and D at turning points are 0.3 and 0.05, respectively. Therefore, D0.3 is considered as the initial-damage escalation threshold. After this moment, microcracks propagate and AE energy augments significantly, indicating damage becomes greater and accumulated. When t/tf is 0.85, D ranges from 0.6 to 0.8 under different conditions, marked as the start of accelerated creep. When t/tf reaches 0.9, D increases to approximately 0.9 under some stress levels. D in previous research (Baud and Meredith, 1997; Zhou et al., 2018) shows a similar tendency, in which creep experiments were performed under an effective confining pressure of 30 MPa and uniaxial compression, respectively. The tertiary stage can be predicted with the help of AE, and it requires further researches to assess this method.


[image: image]

FIGURE 10. Damage variable and volumetric strain rates under the confining pressure of 2.5 MPa. (A) Stress ratio of 80%. (B) Stress ratio of 85%. (C) Stress ratio of 90%.
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FIGURE 11. Damage variable characteristics with t/tf. (A) D plotted with t/tf. (B) Comparison in turning points of D from panel (A).




Failure Modes

Table 2 lists the failure characteristics of conventional compression and creep under various confining pressures. Evidently, specimens fail by shear localization along an inclined macroscopic shear fracture in conventional compression tests. The shear angle shows a slight reduction by 4° with the increase of confining pressures by 5 MPa. The average shear angle is 55°, approximately equal to 45 + φ/2. In creep tests, generally, failure patterns are splitting dominant modes under uniaxial conditions, along with some debris, and there is less debris with the increase of creep stresses. With the increase of confining pressures, failure patterns convert into shear dominant modes. When creep stress is 90% corresponding strength, shear angles are nearly equivalent to those in conventional compression under the confining condition. Failure patterns in creep may be similar to that in conventional compression tests when stresses exceed a certain level and approach the strength.


TABLE 2. Failure characteristics of marble in conventional compression and creep tests.

[image: Table 2]


CONCLUSION

The present work investigates mechanical properties of marble specimens under conventional compression initially, and subsequently creep behavior at the stress ratios of 80, 85, and 90% of corresponding strength, combined with AE monitored. The damage was estimated based on the AE energy over the process.

In the conventional compression tests, both volumetric strain rates and D increase rapidly in the fourth and fifth stage, and after rates exceed the peak, D augments continuously until specimen failure.

In the creep tests, specimens exhibit a three-creep stage at the constant stress of 80 and 85% peak strength, while specimens exhibit a two-stage at 90% peak strength. The lateral dimension is the main reason for creep failure, and time-to-failure is a negatively exponential function of the steady creep rate.

In the creep tests, damage variables show a sharp increase after a slight variation initially until specimen failure. The turning points in D curves are observed at t/tf of 0.3, marked as the initial-damage escalation threshold. When t/tf exceeds 0.85, D augments sharply to 1. D0.85 can be regarded as a mark of entering the accelerated creep.

Shear angles are generally ranging from 50° to 60° in both two series tests. In conventional compression tests, failure patterns are shear dominant modes, and in the creep tests, failure patterns convert from the splitting dominant modes to the shear dominant with the increase of confining pressures.
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To accurately determine the stress characteristics of underground rock masses subjected to hydraulic pressure, and to reveal the crack-initiation, crack-propagation, and macromechanical characteristics of fractured rock masses under long-term hydraulic pressure, a hydraulic loading system that can deliver continuous and stable hydraulic pressure was developed. The system is composed of a device that supplies a stable hydraulic pressure, flowmeter, pressure gauge, acoustic emission instrument, loading device, and control system. The main innovation of the test system lies in the stabilization of the hydraulic pressure, which distinguishes the new system from traditional hydraulic loading devices and provides several advantages. First, in the new system, air pressure serves as the driving force, and water and gas coexist in the same cavity. Given the high compressibility of gas, the hydraulic pressure can still reach relative stability during crack initiation and propagation in the specimen. Second, the device is capable of long-term operation with low energy consumption. In contrast to conventional hydraulic loading systems based on servo control, the hydraulic pressure of the new device can be maintained for a long time with little energy consumption. Finally, the device is simple to operate, is low in cost, convenient to assemble, and can be used in single-, double-, and triple-axis tests. The accuracy and reliability of the test system were verified through its application in the uniaxial compression test of a fractured body under the action of stable hydraulic pressure. The test system provides the foundation for the study of the physical mechanisms of deep underground rock masses subjected to long-term, stable seepage pressure.

Keywords: stable hydraulic pressure, hydraulic coupling, internal crack, crack growth, acoustic emission characteristics


INTRODUCTION

During long-term geological processes, natural rock masses develop defects such as joints, cracks, and voids, which affect the mechanical properties of the rock mass. These defects in the rock mass also provide transport channels and storage locations for groundwater. Under the action of ground stresses or engineering disturbances, groundwater can enter the joints or cracks in the rock mass, resulting in the expansion of the original joints and cracks. Infiltration by groundwater thus has a great influence on the evolution of cracks and the macroscopic mechanical properties of rock and can contribute to the instability of underground structures. Therefore, it is of great theoretical and practical significance to study the fracture mechanics of fractured rock masses under the action of hydraulic pressure.

To explore the fracture mechanism of rock under the action of hydraulic pressure, mechanical models of rock fracture under hydraulic action have been established, and the mechanisms of fracture evolution have been analyzed based on the theories of fracture mechanics and hydromechanics (Liu et al., 2014, 2019; Sampath et al., 2018; Zhang et al., 2018; Gao et al., 2019; Zhao et al., 2019a, b). While the theory underlying the hydraulic fracturing of rock masses is mature, further tests are needed to verify the theory before it is applied in engineering. Using hydraulic loading systems, fracture experiments can be carried out to explore the macromechanical behavior and crack evolution of rock masses under hydraulic pressure. For example, Zhuang et al. (2016, 2019) developed hydraulic fracturing test equipment for core rock samples and conducted a series of tests. Using a high-pressure hydromechanical test system, Zhao et al. (2017a) performed permeability tests on fractured limestone samples and analyzed the mechanical characteristics and permeability during the stress–strain process. Zhao et al. (2017b) the MTS815 Rock Mechanics Test System to conduct transient pulse tests on single rock fissures under different pressure conditions, and quantify the morphological changes of the fracture surface after the transient pulse test or under the hydro-mechanical coupling effect. To study the macromechanical characteristics and crack evolution of rock under the influence of hydraulic pressure, Hao et al. (2018) refitted a hydraulic loading device with a DCS-200 loading control system and evaluated the hydraulic fracturing of rock masses under uniaxial compression. Using a coupled thermal-hydro-mechanical test system, Li et al. (2018) tested single-fracture red sandstone specimens under three-dimensional stress and evaluated the energy and crack propagation rate. Using a GCTS RTX-3000 triaxial rock testing system, Zhou et al. (2018) and Xing et al. (2019) applied axial pressure, confining pressure, and water pressure to prefabricated single-crack rock samples and analyzed the stress–strain and crack evolution characteristics of the crack bodies under hydraulic action. To study fracture and fissure development in rock, Mei et al. (2019) prepared a three-dimensional cylindrical test piece and applied axis pressure and water pressure to the rock body using a servo-controlled RLW–1000G rock rheology testing system.

The hydraulic test systems used in the above studies adopt servo control, which is easy to realize during hydraulic tests under triaxial confining pressure. However, servo control is complex and costly. Furthermore, at the moment of fracture initiation, the expansion and instability of the rock mass causes fluid loss and a reduction in volume; this can result in delayed servo response and hydraulic instability. In contrast, groundwater generates stable hydraulic pressure in deep fissured rock masses. The hydraulic pressure from groundwater remains stable even during crack initiation, crack propagation, and rock failure. Thus, to experimentally achieve stable hydraulic pressure, a test system that uses air pressure to supply stable hydraulic pressure was developed in this study. In the new system, water and gas coexist in a cavity, and gas provides pressure to the water body in real time. Due to the high-pressure contraction of gas, the hydraulic pressure reaches a relatively stable state. This test system is easy to operate, low cost, consumes little energy, and can supply long-term stable hydraulic pressure under uniaxial, biaxial, and triaxial loading. The developed test system was successfully used to conduct uniaxial compression tests of fractured rock masses under stable hydraulic pressure.



TEST SYSTEM AND FUNCTIONS

The test system is composed of a stable hydraulic pressure supply device, flowmeter, pressure gauge, acoustic emission instrument, loading device, and control system (Figure 1).


[image: image]

FIGURE 1. Schematic of the developed test system.



Stable Hydraulic Pressure Supply Device

The device used to provide a stable hydraulic pressure is shown in Figure 2. The internal diameter of the chamber in the supply device is 30 mm, and the height is 80 mm. The water injection volume is 1/5 of the total chamber volume, and the ratio of water to gas is 1:4.
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FIGURE 2. Photograph (A) and schematic (B) of the stable hydraulic pressure supply device.


The compressibility of water β is defined as

[image: image]

where Vw is the volume of water, and p is pressure. According to Eq. (1), it can be calculated that a force of 21 MPa is needed to compress the volume of water by 1%. The water body is difficult to compress; thus, the water body is assumed to be incompressible.

The Boyle–Mariotte law is defined as

[image: image]

where P1 and V1 are the initial pressure and volume, respectively, and P2 and V2 are the pressure and volume after the gas volume change, respectively. Assuming an incompressible water body, only the flow of water causes the volume of the water body to decrease. During crack initiation and propagation, the water flows into the test piece and enters the new crack, resulting in a small reduction in the volume of the water body. The volume reduction of the water body resulting from crack formation is assumed to be 1%, resulting in a 0.25% increase in gas volume. Thus, according to Eq. (2), the air pressure decreases by only 0.25% after the small reduction in water body volume.

In conventional servo-controlled hydraulic loading systems, crack initiation and propagation during the loading of the test piece results in an instant expansion in volume. This steep and instantaneous decrease in hydraulic pressure causes crack propagation to accelerate during the middle and late stages of loading. The expansion in volume also accelerates, making it difficult for the servo response to keep pace. Furthermore, the high demand on the servo drive leads to crack initiation and propagation in the test piece, and the water pressure cannot be kept stable.

In the new system, although the hydraulic pressure decreases slightly due to the loss of water during loading, this decrease is negligible. It can ensure that the water pressure is stable during the loading process of the test piece. In addition, the developed test system has the advantages of low cost and low energy consumption.



Other Components

The flowmeter is a model AST10 flow recorder (Figure 3) that automatically reads the pressure difference and flow at the inlet and outlet. The accuracy of this flowmeter is 10 ml/s. The flowmeter is connected via a data line so that the flow value can be read on the computer.
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FIGURE 3. Flowmeter.


The pressure gauge is a mik-p310 high-precision pressure sensor with a range of 0–2.5 MPa (Figure 4A). The pressure sensor is attached to an Asmik recorder that can record and export information such as hydraulic pressure and water temperature (Figure 4B).
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FIGURE 4. Images of the pressure sensor (A) and recording device (B).


Acoustic emission signals are acquired using a DS5 system (Figure 5A) with eight channels. The sampling frequency is 2.5 MHz, and the preamplifier gain is 40 dB (Figure 5B). The probe (model RS-2A; Figure 5C) has a frequency range of 50–400 kHz and a center frequency of 150 kHz. The acoustic emission data of the specimen are collected by more than three non-coplanar probes, allowing crack initiation and propagation in the specimen to be tracked and located.
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FIGURE 5. Images of the acoustic emission equipment: (A) main body; (B) amplifier, and (C) probe.


As shown in Figure 6A, the loading device is a rock mechanics testing machine (model XTR-2000) with a maximum test force of 2000 kN. The loading mode can be selected as either force control or displacement control. As shown in Figure 6B, a console contains two computers that control the rock loading instrument and automatically collect and record the stress and displacement of the test piece during the loading process (right monitor) and control the acoustic emission radiometer, micro-flowmeter, and pressure gauge, which automatically read and record test data (left monitor).
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FIGURE 6. Images showing the XTR-2000 loading device (A) and computer console (B).




HYDRAULIC TEST


Preparation of a Specimen With Internal Crack

Cement mortar was used as rock-like specimen in the hydraulic test. The mortar was composed of 325-grade white cement: fine sand: water in a 5:5:2 mass ratio. The fine sand was screened with a 1.25-mm sieve. The mold prepared for the test piece was made of stainless steel and acrylic board. The internal dimensions of the test piece were 150 mm (length) × 100 mm (width) × 200 mm (height), as shown in Figure 7A.
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FIGURE 7. Schematic diagram showing the formation of an internal fracture specimen: (A) image of the mold; (B) image of the support; and (C) schematic diagram of the resulting specimen (unit: mm).


As shown in Figure 7B, the support for internal crack preparation was composed of two mica pieces, two permeable cotton pieces, and four transparent tapes. The dimensions of the mica sheets were 45 mm (length) × 28 mm (width) × 0.07 mm (thickness). One of the mica pieces had a hole in the center, while the second did not. The two mica pieces were bonded with double-sided adhesive to avoid mortar inflow during pouring. The two mica pieces middle was padded with 1-mm-thick permeable cotton to ensure internal opening and water injection during the test. The crack surface was acted on by a prefabricated stainless-steel rod constructed via three-dimensional printing. One end, which was bonded with glue and the mica piece, to form a certain angle; the other end was designed to fix the angle with acrylic plate. The diameter of the prefabricated rod inside the test piece was 3 mm; thus, the diameter of the water injection hole was 3 mm.

After the mold was assembled, the release agent was applied to the inner wall of the mold to facilitate demolding. The evenly mixed cement mortar was then slowly poured into the mold layer by layer while ensuring that the crack surface was free of deformation. After the pouring was complete, the mortar was vibrated using a vibration table, resulting in an evenly plastered surface. After initial setting, the prefabricated rod was removed. The mold was then removed 24 h later and placed into a curing box for 28 days. Figure 7C shows a schematic diagram of the internal fracture; the fracture length and width are indicated by 2a and 2b, respectively, while the angle between the fracture and the horizontal plane is the fracture obliquity β.



Stress–Strain and Hydraulic Pressure Characteristics

Figure 8 shows the stress–strain curve for uniaxial compression and a plot of hydraulic pressure vs. strain for a rock specimen with an internal fissure at a 45° angle and a stable hydraulic pressure of 1 MPa. In Figure 8, the stage between points O and A is the stage without hydraulic pressure. The initial hydraulic pressure was 1001.2 kPa after stable. When the vertical uniaxial compression force on the specimen reached 2 MPa, hydraulic pressure was applied to the interior of the specimen. This initial stage of applying stable hydraulic pressure is represented by the stage between points A and B in Figure 8. When hydraulic pressure was applied inside the test piece, the water in the hydraulic pressure chamber entered into the internal crack through the water injection hole, and the water volume in the hydraulic pressure chamber decreased slightly, resulting in a slight change in pressure.
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FIGURE 8. Stress–strain and hydraulic pressure curves for an internal fracture specimen subjected to a stable hydraulic pressure of 1 MPa.


The middle stage of applying stable hydraulic pressure is represented by the stage between points B and C in Figure 8. During this stage, the internal crack in the test piece expanded and produced a large number of microcracks. The water body penetrates into the new crack surface stably in real time and provides water pressure. The water volume in the water pressure chamber continues to decrease slightly, the gas volume continues to increase slightly, and the pressure continues to fluctuate and decrease, but the maximum fluctuation is only 0.6 kPa, accounting for less than 0.6% of the hydraulic pressure of 1001 kPa at that time.

The stage between points C and D in Figure 8 is the later stage of applying stable hydraulic pressure. During this stage, a large number of microcracks in the specimen expanded to form macrocracks, and considerable specimen deformation was observed. However, the stress decreased rapidly in this stage, and two slight drops in hydraulic pressure occurred. At the end of the test (point D in Figure 8), the hydraulic pressure was relieved, the loading system was closed, and the test data were saved.

Throughout the test, the hydraulic pressure decreased by 1.4 kPa, corresponding to a decrease of 0.14% compared to the initial hydraulic pressure. This change is small enough to be ignored.



Fracture Characteristics

Figure 9 shows the uniaxial compression failure mode of a specimen containing an internal fracture at an angle of 45° under a stable hydraulic pressure of 1 MPa. Because the crack in the test piece was located in the inner part of the test piece, and the material was opaque, the evolution of the internal crack could not be directly observed in real time. Therefore, this paper focuses on the failure mode of the test piece and the morphological characteristics of the failure section under hydraulic pressure. The failure mode of the internal fracture specimen in this study was tension shear failure; the macrocrack penetrated the upper and lower ends of the specimen, as shown in Figure 9A. The features of the macrocrack surface are shown in Figure 9B. Under the combined action of osmotic pressure and vertical stress, the internal crack initiated a wing tensile crack along the long side of the specimen; this section was complete without obviously scratches. The direction of crack propagation is shown by the white dashed arrows in Figure 9B, and the range of propagation is roughly indicated by the white dashed lines. When the axial pressure of the specimen increased continuously, the specimen reached peak strength, and the macrocrack penetrated the upper and lower loading faces. The shear region of the main macro shear crack failure section is indicated by the red dashed lies in Figure 9B; obvious scratches and broken particles can be observed.
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FIGURE 9. Images showing the uniaxial compression failure mode of a specimen with an internal fracture at an angle of 45° under a stable hydraulic pressure of 1 MPa: (A) external view and (B) internal fracture plane (① wing crack; ② shear zone).




Acoustic Emission Location

Acoustic emission acquisition uses 6 acoustic emission probes for data detection, and the probe position is shown in Figure 10. The coupling agent is paved between the probe and the test piece to ensure the propagation of the sound source and the fixed use of the probe.
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FIGURE 10. Images showing the locations of acoustic emission probes with respect to the specimen.


The acoustic emission maps corresponding to points B, C, and D in Figure 8 are shown in Figure 11. As shown in Figure 11A, many acoustic emission events occurred at point B in Figure 8, and the acoustic emission points are observed near the internal cracks and water injection holes. The cracks were generated near the internal cracks, and the water pressure fully acted on the internal crack surface. The acoustic emission map corresponding to point C in Figure 8 (i.e., when the specimen reached peak strength) shows many points (Figure 11B). In addition to the cracks near the internal cracks, the long side under the internal cracks also cracked. According to the fracture section of the specimen, the cracks were speculated to be tension cracks and shear cracks on the airfoil. The acoustic emission was relatively dense under the internal cracks. In the map corresponding to point D in Figure 8 (complete specimen failure), the acoustic emission events are densely distributed near the internal cracks (Figure 11C). The results show that the wing tension cracks were initiated at the upper and lower ends of the internal cracks, and the acoustic emission events were concentrated under the cracks.


[image: image]

FIGURE 11. Acoustic emission maps corresponding to the locations of points (A) B, (B) C, and (C) D in Figure 8.




CONCLUSION

To simulate long-term, stable seepage pressure in deep rock masses, a test system that provides stable hydraulic pressure was developed and demonstrated using a specimen with a 45° internal fracture. The main conclusions can be summarized as follows:

(1) The developed hydraulic loading system successfully provided stable hydraulic pressure during crack initiation, propagation, and failure;

(2) Based on the stress–strain and hydraulic pressure curves, crack initiation and propagation in the specimen led to a slight decrease in hydraulic pressure corresponding to a reduction of 0.14% compared to the initial hydraulic pressure;

(3) The failure mode and fracture section of the specimen indicated a tensile shear failure mode, and the long side of the internal fracture initiated a wing tensile crack, the region of wing crack and tensile crack in macro crack section is analyzed;

(4) The crack evolution and distribution characteristics at different time periods during the test were revealed based on acoustic emission maps.
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Initial stress and additional effective stress distributions in soil greatly influence the degree of ground consolidation when calculating one-dimensional soft clay ground consolidation in deep soil. The one-dimensional non-linear consolidation governing equations of soft ground under uniform load are derived and solved with the finite difference method. This method is based on the assumptions that the initial stress in soil varies with the ground depth and that the additional effective stress caused by external loads changes with both the ground depth and consolidation time and the hyperbolic model of the soil stress–strain relationship. Formulas for the degree of consolidation and the settlement of the ground are presented. A case study shows that the degree of consolidation in the ground calculated with the finite difference method agrees well with the traditional analytical solution, and the computational efficiency of the finite difference method can be effectively improved when the segmental calculation method is used throughout the consolidation process. The results of another example show that the settlement of the ground calculated with the finite difference method agrees with the in situ data. The suggested method can greatly simplify the consolidation calculation and has a high application value in engineering.

Keywords: soft clay, one-dimensional consolidation, non-linearity, finite difference method, uniform load, hyperbolic model


INTRODUCTION

The traditional Terzaghi one-dimensional consolidation theory assumes that external loads are applied instantaneously and does not take into account that external loads are often linear, graded, or cyclic in practical engineering. Additionally, the non-linear characteristics of the stress–strain relationship of the soil itself are not considered. Therefore, many scholars have carried out improvement studies. Schiffman (1958) first analyzed the problem of the one-dimensional consolidation of a foundation under variable loads. Later, Wilson and Elgohary (1974), Favaretti and Mazzucato (1994), Xie and Pan (1995), and Zhao and Shi (1996) conducted further research on this problem and obtained many useful conclusions. Lai and Song (2005) conducted soil consolidation and drainage tests under special stress paths, and the stress–strain relationship of soil obtained was consistent with the fitting results of the log-curve non-linear model, sinusoidal non-linear model, and traditional hyperbolic model. Yu et al. (2008) used a modified hyperbolic model to fit the quantitative relationship between the secondary consolidation coefficient and the pressure of soil under normal consolidation and proposed a modified method for calculating the secondary consolidation settlement of the normal consolidated soil. He and Jiang (2009) proposed a hyperbolic prediction model that reflects the semicubic non-linear relationship between the settlement rate and the remaining settlement. In addition, in the study of one-dimensional non-linear consolidation theory, Davis and Raymond (1965), Barden and Berry (1965), and Xie et al. (2006) considered the physical non-linear characteristics of soil based on the relation e – lgσ′. However, the value of the initial consolidation pressure is crucial to the calculation of the foundation settlement by the e – lgσ′ model. In view of this, Wei (1987) believed that, if the initial pressure and repressure could not be reasonably distinguished, then the hyperbolic model could be used to calculate the foundation settlement, and the calculation result was better than that of the e – lgσ′ model. Xu (1987) also experimentally proved that the hyperbolic model could better simulate the constitutive relationship of soft clay. On this basis, Shi et al. (2001) obtained the one-dimensional consolidation theory of the hyperbolic model at the time of instantaneous loading, and the calculated results were in good agreement with the laboratory test. Xie et al. (2010, 2016) obtained the analytical solution for the one-dimensional consolidation of clayey soils and double-layered structured soils with a threshold gradient. Lo et al. (2016) presented a one-dimensional consolidation theory in unsaturated soils under cyclic loading. Wang et al. (2017), Liu et al. (2018), Zou et al. (2018), and Zhao et al. (2020), respectively, obtained analytical solutions for the one-dimensional consolidation of clayey soils considering different load and boundary conditions. When considering time-dependent loading, Deng et al. (2019) presented closed-form solutions for one-dimensional consolidation in saturated soils, Moradi et al. (2019) analyzed the one-dimensional consolidation of a multilayered unsaturated soil under partially permeable boundary conditions, and Zhou et al. (2020) obtained an analytical solution for a classical one-dimensional thaw consolidation model.

However, due to the small sample used in the test, the applicability of this theory in the calculation of deep soft clay could not be verified. Zhang and Sun (2007) established the one-dimensional consolidation theory of foundations under variable loads based on the hyperbolic model, and Zhou et al. (2013) presented a finite difference model for a one-dimensional electro-osmotic consolidation. However, the theory assumed that the initial effective stress and the additional stress of soil remained unchanged along the depth, which was different from the actual situation. Therefore, this paper combines previous research results with the hyperbolic model of the stress and strain of soil as a starting point. This method assumes that the initial stress changes along the depth of the foundation, and at the same time, the load caused by the additional effective stress changes with time and depth. Additionally, the uniformly distributed load is derived via the control equation of the one-dimensional consolidation of soil, and the finite difference method is introduced into the degree of consolidation and settlement calculation formula.



ONE-DIMENSIONAL CONSOLIDATION GOVERNING EQUATION


Basic Assumptions

The basic assumptions are as follows: the soft soil is saturated, the thickness of the compressed soil layer is H, the surface of the soft soil is permeable, and the drainage conditions of the bottom surface can be divided into permeable and impermeable. Considering the simulation of vehicle load, the impulse load and simple harmonic load, which varies with time, can be selected. When the vehicle load is transferred to the embankment, the impulse load and simple harmonic load could be uniformed. Besides, the embankment is filled step by step, and the embankment load, which can be simulated to multiple graded loads, also varies with time. All these loads above can be simplified into the uniform load qtop(t), which varies with time.

The distribution of the water pressure in the foundation is shown in Figure 1, where γw(h1 + H – z) is the hydrostatic pressure at depth z, pw is the total water pressure, and u is the pore water pressure generated by the evenly distributed embankment load qtop(t) in the soil.


[image: Figure 1]
FIGURE 1. Schematic diagram of the one-dimensional consolidation model of the foundation.


a. The stress–strain relationship of the soil satisfies the hyperbolic model:

[image: image]

where σ′ is the effective stress, E0 is the initial compression modulus of the soil, ε is the strain, and m is the slope of the σ′/ε ~ σ′ curve.

b. Let the permeability coefficient k be proportional to the compression coefficient av:

[image: image]

where γw is the unit weight of water, γw = ρwg. The parameter ρw is the density of water, cv is the consolidation coefficient, e0 is the initial void ratio, and const is a constant.

c. The initial effective stress of the soil [image: image](z) changes with depth z.

d. Considering the change in the external load with time (as shown in Figure 2A), the additional stress of the soil caused by the external load also changes with time, and the additional stress will change along the depth, so the additional stress can be expressed by q(t,z) (shown in Figure 2B).


[image: Figure 2]
FIGURE 2. Distribution of the additional stress in soil when the external load increases linearly. (A) External load function curve. (B) Curve of the additional stress in the compressed soil layer.




Derivation of the Consolidation Governing Equation

Based on basic assumptions a and b, the one-dimensional consolidation governing equation can be obtained as:

[image: image]

According to the effective stress principle, the stress expression at depth z is

[image: image]

The two sides of Equation (4) are opposite and partial derivatives, and we obtain:

[image: image]

[image: image]

Substituting Equations (5) and (6) into Equation (3), the one-dimensional non-linear consolidation governing equation of the foundation under uniformly distributed load is

[image: image]
 

Boundaries and Initial Conditions

a. At the initial moment, the upper load is conveyed by the pore water pressure, and its mathematical expression is

[image: image]

b. After loading, when the ground surface is a permeable layer, the pore water pressure on the bottom surface is zero.

[image: image]

c. When the ground surface is an impermeable layer after loading, the surface pore water pressure is zero, and its mathematical expression is

[image: image]

d. When the top surface of the foundation is permeable and the bottom surface is impermeable, the pore water pressure of the soil is equal to that of the underlying layer.




DIFFERENTIAL METHOD FOR THE GOVERNING EQUATIONS


Difference Method Format

According to the basic principle of the finite difference method, with depth z as the vertical axis and time t as the horizontal axis, a calculation area for foundation consolidation analysis is established. The depth z is divided into M equal divisions, the time t is divided into N equal divisions, and a difference method calculation grid is established. As shown in Figure 3, the grid node represents the pore water pressure u, where ua, b represents the value of the pore water pressure at depth b in the ground at the moment of time a.


[image: Figure 3]
FIGURE 3. Schematic diagram of meshing by the difference method.


The initial and boundary conditions in the difference equation can be expressed as

[image: image]

For the governing Equation (7), the Crank–Nicolson format is used to discretize the following difference format:

[image: image]

where Δt = T/N, h = H/M, T is the total consolidation time, and M and N are the number of grids of the depth and consolidation time, respectively.

To simplify the calculation, Equation (12) is linearized; then,

[image: image]

Linearization will inevitably bring errors. To minimize the errors, the difference grid can be refined. Assume

[image: image]

Then, the formula for calculating the difference method under two boundary conditions can be written as follows:

[image: image]

When the bottom surface is permeable, A is an (M – 1) × (M – 1) order matrix, u is an (M – 1) × 1 order matrix, and B is an (M – 1) × 1 order matrix. When t = aΔt, then

[image: image]

where [image: image]

[image: image]

When the bottom surface is impermeable, A is an M × M order matrix, u is an M × 1 order matrix, and B is an M × 1 order matrix. When t = aΔt, then

[image: image]

where [image: image]

[image: image]

[image: image]



Calculation Formula of the Consolidation Degree

According to the uniaxial compression theory, the calculation formula of the ground settlement is

[image: image]

The formula for calculating the average consolidation degree of a foundation defined by settlement can be written as

[image: image]

In addition, the average consolidation degree of the foundation, as defined by the average pore pressure, can also be expressed as

[image: image]
 

Theoretical Verification

Examples are cited in the literature (Zhu and Yin, 1998) for verification. The calculation parameters are as follows: the thickness of the compressed soil layer is 5 m, and the bottom surface is a permeable layer; the load time linearly increases from qa = 0 kPa to qa = 300 kPa after 50 days and then remains unchanged; the consolidation coefficient of the soil is cv = 5.7888 × 10−3 m2/day, and the initial compression modulus is E0 = 1,687 kPa.

The analytical solution in Zhu and Yin (1998) assumes that the additional stress caused by the external load is linearly distributed with time and depth, and the stress–strain relationship of the soil is a linear elastic model. Corresponding to the special case of the difference method solution in this article, which is m = 0, Equation (1) can be written as

[image: image]

In the following, the finite difference method (hereinafter referred to as the method in this paper) proposed earlier is used to calculate the average consolidation degree of the foundation. To improve the calculation efficiency, the difference calculation is divided into two sections in the time dimension: the first section is 100 days in length, which is divided into 500 parts, Δt = 0.2 day; the length of the second period is the remaining 1,800 days, which is divided into 1,800 parts, Δt = 1 day. The average consolidation degree of the foundation calculated by this method and the analytical solution calculation results in Zhu and Yin (1998) are summarized in Table 1.


Table 1. Average consolidation degree of the foundation.

[image: Table 1]

From Table 1, it can be seen that the maximum relative error of the calculation results of the method in this paper and the analytical solution in Zhu and Yin (1998) is only 0.0106%, indicating that the method in this paper is reasonable and feasible and can meet the calculation accuracy requirements.




ILLUSTRATIVE EXAMPLES

In order to verify the feasibility of the method for the calculation of the degree of consolidation of the foundation under the conditions of a variable load and one-dimensional non-linear consolidation, a calculation example in Favaretti and Mazzucato (1994) was selected for analysis. This example is a weak foundation project located under the silo of Ca'Mello. The change law of the load applied to the soft foundation with time is shown in Figure 4. Favaretti and Mazzucato (1994) carried out on-site observations of the settlement of the soft foundation and measured the consolidation coefficient of the soil (cv = 0.1296 m2/day) and the change law of the soil stress and strain during loading by experiments. In this paper, the compression characteristics of the hyperbolic model of the soil (E0 = 270 kPa, m = 0.9) are obtained by fitting the soil properties from on-site observations in Favaretti and Mazzucato (1994). The method in this paper is used to calculate the ground settlement, which are compared with the one calculated by an analytical solution in Rahal and Vuez (1998) and the one measured in Favaretti and Mazzucato (1994). The results are shown in Figure 5.


[image: Figure 4]
FIGURE 4. External load curve.



[image: Figure 5]
FIGURE 5. Ground settlement curve.


It can be seen from Figure 5 that the fluctuation trend of the settlement curve calculated by the method in this paper is basically consistent with the measured results, while the analytical solution settlement curve in Rahal and Vuez (1998) lags behind the measured results, indicating that the method in this paper is more reasonable and feasible.

In fact, the analytical solutions of the foundation settlement are often derived under the standard load form, which cannot flexibly deal with the problem of variable loads in actual engineering. When using the theories in Rahal and Vuez (1998) to calculate the settlement of the soft foundation, the external load needs to be simplified to a standard simple harmonic load. This simplification will inevitably lead to human error, which will cause the theoretical settlement curve to be out of sync with the measured curve. The method in this paper only needs to input the function expression of the external load into the program. Impulse loads, simple harmonic loads, or multiple graded loads can be accurately simulated, which simplifies the load form conversion step, reduces human error, and greatly simplifies the calculation process of the degree of consolidation and the settlement of the foundation. Besides, the accuracy can be improved by calculating in sections in the time dimension, which has the irreplaceable advantage than the analytical solution.



CONCLUSIONS

a. The presented method can adapt to various variable load situations, can greatly simplify the consolidation calculation process, and can effectively improve the calculation efficiency via a segmented calculation in the time dimension. The calculation results are in good agreement with the traditional analytical solution, indicating that the method is reasonable and feasible.

b. The method in this paper considers the case in which the external load is a function of time and can solve the calculation of the consolidation degree and the settlement of the foundation under the conditions of an impulse load, a simple harmonic load, or multiple step loading in actual engineering. Only the function expression of the external load is input into the program during the calculation, which avoids the steps of other theoretical calculation methods that need to convert the external load. Via this method, human error is reduced, and the calculation process for the degree of consolidation and the settlement of the foundation is greatly simplified, with good engineering application value.

c. The application condition of the presented method is the one-dimensional consolidation of a single-layered saturated soil with a permeable surface. The calculation formulas of the finite difference method should be transformed when analyzing the one-dimensional consolidation of the multilayered unsaturated soil under partially permeable boundary conditions. Besides, a multidimensional consolidation issue cannot be solved by this method.
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Suffusion is one of the main modes of internal erosion leading to selective erosion and gradual migration of fine soil particles through the voids of soil skeleton formed by coarse soil particles under seepage flow. Suffusion may induce deterioration and even failure of hydraulic geo-structures, such as embankment dams, dikes, levees, as well as landslide dams, if they are formed by gap-graded cohesionless soils. Soil mass in the hydraulic geo-structures is always subjected to overburden load and seepage through the soil mass generally has a large component along the horizontal direction. In the literature, however, little attention has been paid to the horizontal seepage-induced suffusion under controlled vertical stress. In this study, horizontal seepage-induced suffusion tests were carried out using a testing apparatus with controllable vertical stress and hydraulic gradient. The seepage flux and eroded fine particle mass, as well as local hydraulic gradients can be measured. The effects of initial dry density and initial fines content on suffusion characteristics of a cohesionless soil were investigated. Test results showed that after the initiation of suffusion, alternate decrease, and increase in the coefficient of permeability occurred possibly due to alternate clogging and dredging of soil pores by the movable fine particles. Uneven distribution of local hydraulic gradients along the flow path was observed and this could be regarded as a sign of the initiation of suffusion. Both initiation and failure hydraulic gradients increased with initial dry density and initial fines content.

Keywords: gap-graded cohesionless soil, horizontal seepage flow, suffusion, dry density, fines content, vertical stress


INTRODUCTION

Suffusion is one of the main modes of internal erosion leading to selective erosion and gradual migration of fine particles through the voids of soil skeleton formed by coarse particles under seepage flow. Seepage-induced suffusion is widely observed in hydraulic geo-structures, including embankment dams, dikes, levees, as well as landslide dams, and natural deposits (Foster et al., 2000; Fell et al., 2003; Xu and Zhang, 2009; Chang et al., 2011; Zhang et al., 2011; Peng and Zhang, 2012; Wang et al., 2019; Yang et al., 2019; Yuan et al., 2019a, 2020; Kang et al., 2020; Peng et al., 2020a). For a soil susceptible to suffusion, its hydraulic properties may change accordingly after some fine particles within the soil are eroded and migrated (Ke and Takahashi, 2012; Horikoshi and Takahashi, 2015; Sato and Kuwano, 2015; Yuan et al., 2019b). Hence, suffusion may lead to deterioration and even catastrophic failure of the hydraulic geo-structures which were formed by gap-graded cohesionless soils (Foster et al., 2000; Moffat and Fannin, 2006; Moffat et al., 2011; Ke and Takahashi, 2012; Peng et al., 2020b). Suffusion of gap-graded cohesionless soils has drawn the special attention of many researchers such as Kenney and Lau (1985), Skempton and Brogan (1994), Wan and Fell (2008), Indraratna et al. (2011, 2015); Wang et al. (2014), and Ouyang and Takahashi (2015), Marot et al. (2016), Mehdizadeh et al. (2017), and Zhong et al. (2018).

Skempton and Brogan (1994) found that the failure hydraulic gradient of suffusion in a sandy gravel was far lower than that given by the classical theory. The possible reason was that the major part of overburden load was carried by the soil skeleton formed by gravel particles, while the sand particles were less involved in the load transfer chains. Subsequently, many experimental investigations on suffusion have been carried out by various researchers. The investigations showed that the parameters affecting suffusion characteristics included particle size distribution of soils (Kenney and Lau, 1985; Indraratna et al., 2011, 2015; Chang and Zhang, 2013; Moraci et al., 2014), hydraulic gradient (Salehi Sadaghiani and Witt, 2011; Ke and Takahashi, 2012; Song et al., 2018), seepage flow direction (Richards and Reddy, 2012; Hosseini and Pachideh, 2018), hydraulic loading history (Luo et al., 2013a; Rochim et al., 2017), fines content (FC, i.e., the mass ratio of fine particles to total weight of the soil specimen; Ke and Takahashi, 2012, 2014; Ouyang and Takahashi, 2015) and others. In most of these investigations, the suffusion tests were along vertical seepage flow without consideration of external stress. However, in engineering practice, soil mass in hydraulic geo-structures is always subjected to overburden load and seepage through the soil mass generally has a large component along the horizontal direction. Recently, the influence of stress on suffusion behavior has received ever more attention (Bendahmane et al., 2008; Chang and Zhang, 2011, 2012; Luo et al., 2013a, 2017, 2019; Zou et al., 2013; Liang et al., 2017, 2019; Peng et al., 2019a,b, 2020c; Zhao et al., 2019). Experimental investigations showed the initiation and failure hydraulic gradients were significantly affected by stress states. It should be noted that in most of these investigations, the seepage direction was still vertical, which is largely different from that in engineering practice. As suggested by Richards and Reddy (2012), Zou et al. (2013), and Hosseini and Pachideh (2018), the suffusion behavior was significantly affected by the direction of seepage flow. Hence, it is necessary to carry out experimental investigations on the horizontal seepage-induced suffusion under controlled vertical stress.

The primary purpose of this study is to investigate the characteristics of the horizontal seepage-induced suffusion in gap-graded cohesionless soils under controlled vertical stress. Suffusion tests along horizontal seepage flow were carried out using a testing apparatus with controllable vertical stress and hydraulic gradient. Local hydraulic gradients, as well as the seepage flux and eroded fine particle mass were measured. The effects of initial dry density and initial fines content on suffusion characteristics of a cohesionless soil were investigated.



APPARATUS, MATERIALS, AND METHODOLOGY


Test Apparatus

A testing apparatus newly developed by the authors (Deng et al., 2017) was used in this study. As shown in Figure 1, it mainly consists of a horizontal seepage system, a vertical load applying system, a pressurized water supply system, a soil-water collection system and a data acquisition system.


[image: Figure 1]
FIGURE 1. Schematic illustration of the testing apparatus: (A) the layout of the testing system (B) the layout of pore water pressure transducers.


The main component of the horizontal seepage system is the permeameter chamber, which can accommodate a soil specimen of 300 mm in length, 285 mm in width, and 300 mm in height. The vertical load applying system includes a pressure source, a pressure bladder, and a pressure regulator. The applied vertical stress ranges from 5 to 600 kPa with an accuracy of 0.4% full scale (FS). The hydraulic gradient is applied by controlling water pressures at both water-inlet and water-outlet. Generally, the pressure at the water-outlet is kept at the atmospheric pressure. The pressure at water-inlet is controlled by a system which consists of an air compressor, a reducing valve and a gas-liquid exchange tank. The maximum applied water pressure can be up to 150 kPa with an accuracy of 0.2 kPa. The accumulative weight of eroded fine particles is monitored using the soil-water collection system. Nine pore water pressure transducers (PWPs) are used to measure the pore water pressure distribution within the soil specimen as shown in Figure 1B. The measurement range of PWP is from −100 to 200 kPa with an accuracy of ±0.2% FS. Hence, local hydraulic gradients can be obtained from the measurements of PWP at different locations in the soil specimen. All transducers are connected to the data acquisition system. For more details about this apparatus, please refer to Deng et al. (2017).



Test Materials

Artificial gap-graded soils were used in this study. The soils were the binary mixtures of two quartz sands with different mixing ratios. The particle size distribution curves of the three mixtures and two quartz sands are shown in Figure 2, in which the curve of the coarse sand is denoted as “C,” whereas the fine one as “F.” The “C” sand has a particle size range from 1.18 to 3.35 mm, which is regarded as the soil-skeleton particle for the mixture. The “F” sand has a particle size range from 0.106 to 0.212 mm, which is considered as the erodible fine particles through the voids of the skeleton formed by the coarse particles. According to the Unified Soil Classification System (ASTM D287-11, 2012), the two sands are classified as poorly graded sands (SP). The physical properties of the soils are summarized in Table 1. According to the geometric criteria proposed by Kenney and Lau (1985), Kenney et al. (1985), Moffat and Fannin (2006), and Indraratna et al. (2011), the three mixtures were internally unstable. In other words, suffusion might occur in these soils.


[image: Figure 2]
FIGURE 2. Particle size distributions of soil materials.



Table 1. Physical properties of soils tested in this study.
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Test Program

Two series of tests were performed in this study. The first series was to investigate the effect of initial dry density (ρd) on the horizontal seepage-induced suffusion behavior. As shown in Table 2, three values of dry density were considered in the first series (i.e., 1.6, 1.7, and 1.8 g/cm3). In this series, the initial FC was 40%. By referring the one with the dry density of 1.7 g/cm3 in the first series, two more values of FC (i.e., 20 and 40%), were considered in the second series to study the effect of FC on suffusion behavior. All tests were subjected to a vertical stress of 300 kPa to simulate the overburden pressure.


Table 2. Testing program.
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Test Procedure

The test process mainly included four stages: (1) preparation of soil specimen, (2) saturation of specimen, (3) application of vertical load and consolidation of specimen, (4) application of hydraulic gradient.

Soil specimen was compacted in six layers. To achieve uniformity, the thickness of each layer was 5 cm. Vaseline was smeared on inner walls of the permeameter chamber to prevent preferential flow along walls and to minimize friction effect between the walls and soil specimen. After specimen preparation, the pressure bladder was installed on the surface of specimen. A vertical stress of 25 kPa was initially applied in the pressure bladder for sealing the permeameter cell.

Soil specimen was saturated in the permeameter cell. This stage was carried out using the vacuum saturation procedure [The Ministry of Water Resources of the People's Republic of China (SL237-1999), 1999; ASTM D467-11, 2012]. Initially, vacuum was applied to the soil specimen for 2 h. Then, the inlet valve was connected to a de-aired water supply cylinder for de-aired water gradually entering the specimen from the bottom inlet. This process lasted ~6–8 h to ensure saturation quality. Generally, the B-value after saturation could be >0.90.

After saturation, the vertical stress of 300 kPa was applied to the soil specimen and both the inlet and outlet of the permeameter cell were opened for the consolidation of soil specimen. This stage was completed when the readings of PWPs were stabilized.

After consolidation, hydraulic gradient was applied to the soil specimen by increasing water pressure at the inlet. The hydraulic gradient was increased step by step as suggested by Chang and Zhang (2011). The applied hydraulic gradient at each step was kept more than 10 min for observations. The readings of PWPs and the mass of outflow were also recorded. If obvious soil erosion was observed, the applied hydraulic gradient was further maintained constant until no soil loss was observed. When the applied hydraulic gradient reached a critical value, it was observed that the seepage velocity increased rapidly and a large amount of fine particles was flushed out of the soil specimen. At this moment, the suffusion test was terminated and the applied hydraulic gradient at this step was denoted as the failure hydraulic gradient, if (Luo et al., 2013b).




TEST RESULTS AND DISCUSSION


Development of Seepage Velocity With the Applied Hydraulic Gradient

Figure 3 shows the development of seepage velocity, v, with the applied hydraulic gradient, i, in all tests. The v~i curves at different values of dry density and FC show a similar development pattern. At low values of hydraulic gradient, the seepage velocity increased approximately linearly with the hydraulic gradient. Meanwhile, the outflow was relatively clear and it might indicate no occurrence of suffusion, consistent with the observations by Ke and Takahashi (2012), and Zou et al. (2013). As the hydraulic gradient increased to a certain value, fine particles began to be dislodged by seepage flow and the corresponding outflow became slightly turbid. This observation could be considered as a sign of the initiation of suffusion as suggested by Ke and Takahashi (2012), and Liang et al. (2017). The corresponding applied hydraulic gradient is termed as the initiation hydraulic gradient, iin, in this study. Since the initiation of suffusion, the seepage velocity became to increase non-linearly with the applied hydraulic gradient. At this stage, fine particles might begin to migrate from one location within the soil specimen to the voids of soil skeleton formed by coarse particles at other locations until the re-arrangement of all particles reached a new equilibrium. As the applied hydraulic gradient was increased further, the migration of fine particles resumed within the soil specimen. When the applied hydraulic gradient reached a certain high value (i.e., the failure hydraulic gradient), it was found that the seepage velocity increased rapidly and abundant fine particles were flushed out of the soil specimen. As a result, the applied hydraulic gradient could not be maintained anymore and the measured value dropped down suddenly. The outflow became very turbid and it indicated that the connected pore channels for fine particles had been formed among coarse particles. The effects of initial dry density and initial FC on the initiation and failure hydraulic gradients are discussed later.


[image: Figure 3]
FIGURE 3. Development of seepage velocity with the applied hydraulic gradient (A) at various initial dry densities and (B) at various initial FCs.




Evolution of Permeability With the Applied Hydraulic Gradient

According to the Darcy's law, the coefficient of permeability can be derived from the data in Figure 3. For the suffusion tests, the change of coefficient of permeability is resulted from the migration of fine particles and hence some characteristics regarding the migration of fine particles within the soil specimen could be revealed by the evolution of permeability with the applied hydraulic gradient.

The evolution of permeability in three tests at various initial dry densities is shown in Figure 4. All curves show a similar variation in coefficient of permeability with the applied hydraulic gradient. Taking the test F40-P300-D7 as an example, the evolution of soil permeability with the increase in the applied hydraulic gradient can be divided into four stages. The first stage is the segment ab as shown in Figure 4. During this stage, the coefficient of permeability was decreasing with the applied hydraulic gradient. Initially, the coefficient of permeability was 0.050 cm/s. As the applied hydraulic gradient increased, the coefficient of permeability dropped to 0.043 cm/s. This observation might indicate the migration of some movable fine particles within the soil specimen induced by seepage force. Some pores at a certain section in the soil specimen might be clogged by the eroded fine particles, thereby leading to a trend of gradual decrease in coefficient of permeability. The second stage is the segment bc as the applied hydraulic gradient at the point c is the initiation hydraulic gradient. During this stage, the coefficient of permeability increased from 0.043 to 0.051 cm/s. As the applied hydraulic gradient increased further in this stage, the seepage flow started to dredge the clogged pores and some fine particles began to flow away from the soil specimen, resulting in an increase of porosity within the soil specimen. Subsequently, the coefficient of permeability increased gradually. The third stage is the development of suffusion, i.e., the segment cd with the applied hydraulic gradient at the point d being the failure hydraulic gradient. During this stage, the coefficient of permeability decreased first from 0.051 to 0.047 cm/s, then increased to 0.054 cm/s, subsequently decreased again to 0.048 cm/s, and finally increased again to 0.054 cm/s. The alternate decrease and increase in the coefficient of permeability might indicate that the soil specimen was subjected to alternate clogging and dredging of soil pores correspondingly during the development of suffusion. In the last stage (i.e., the segment de), the coefficient of permeability increased suddenly when the applied hydraulic gradient was beyond the failure hydraulic gradient. Correspondingly, the rapid increase in seepage velocity was found from Figure 3. The significant increase in the coefficient of permeability was due to that a large amount of fine particles was flushed out of the soil specimen and hence the flow channels for both water and fine particles were formed within the soil specimen.


[image: Figure 4]
FIGURE 4. Evolution of coefficient of permeability with the applied hydraulic gradient at various initial dry densities.




Evolution of Local Hydraulic Gradients

As shown in Figure 1B, pore water pressure transducers PWP2~PWP7 are distributed along the horizontal seepage flow path. Hence, local hydraulic gradients along the flow path can be obtained from the measurements of pore water pressure at points PWP2~PWP7. Figure 5 shows the evolution of local hydraulic gradients with the applied hydraulic gradient at the soil specimen of F40-P300-D7. In this figure, ikj denotes the hydraulic gradient between points k and j. For example, i23 means the local hydraulic gradient between points 2 and 3 (i.e., PWP-2 and PWP-3, respectively). When the applied hydraulic gradient was lower than the initiation hydraulic gradient, all local hydraulic gradients were almost the same (Yao et al., 2009). On one hand, this means that the soil specimen was initially homogenous due to well specimen preparation. On the other hand, it is suggested that fine particles could not be driven by the seepage force at this stage and hence the internal structure of soil specimen was maintained intact. When the applied hydraulic gradient was higher than the initiation hydraulic gradient, the local hydraulic gradients at different locations became different from each other and hence the occurrence of uneven distribution of local hydraulic gradients in the soil specimen along the seepage flow path could be regarded as a sign of the initiation of suffusion. The uneven distribution of local hydraulic gradients became more obvious with the increasing applied hydraulic gradient. At the failure hydraulic gradient, the local hydraulic gradient at the middle section of soil specimen [i.e., i45, was the largest, followed by that at the outlet section (i.e., i67)]. These two values were larger than the average value, which was equivalent to the corresponding applied hydraulic gradient across the soil specimen. The local hydraulic gradient at the inlet section i.e. i23, was close to the average value and both i34 and i56 were smaller than the average value. The above observations might indicate that fine particles begin to migrate within the soil specimen under the higher seepage force and hence the internal structure was altered, leading to non-uniform local permeability, and hence uneven distribution of local hydraulic gradients along the seepage flow path.


[image: Figure 5]
FIGURE 5. Evolution of local hydraulic gradients within the soil specimen of FC40-P300-D6 with the hydraulic gradient applied across the soil specimen.




Effect of Initial Dry Density

As shown in Figure 3, at a given hydraulic gradient, the seepage velocity decreased with the initial dry density. This was mainly due to the decrease of coefficient of permeability with the initial dry density (see Figure 4). Figure 6 shows the effect of initial dry density on initiation and failure hydraulic gradients as well as the cumulative loss of fine particles. As expected, both hydraulic gradients increased with the initial dry density due to the smaller size of pores resulting from higher dry density (Zhang et al., 2009; Zhu et al., 2016; Chen et al., 2019). Smaller pores could increase the erosion resistance of soils and make it more difficult for fine particles to migrate. Hence, higher dry density led to a smaller cumulative weight of eroded fine particles as shown in this figure.


[image: Figure 6]
FIGURE 6. Effect of initial dry density on initiation and failure hydraulic gradients as well as cumulative loss of fine particles.




Effect of Initial FC

Figure 7 shows the effect of initial FC on suffusion behavior. Both initiation and failure hydraulic gradients increased with the value of FC. For the soil specimen with a smaller FC, most fine particles were “freely” filled in the voids of soil skeleton formed by coarse particles and they were not involved in the load transfer chains within the soil mass subjected to loading. Hence, the fine particles in the soil specimen with a smaller FC might be moved easily by seepage force, thereby leading to a low initiation hydraulic gradient (Seghir et al., 2014). As the value of FC became larger, some fine particles were involved in the load transfer chains. Thus, the initiation and failure hydraulic gradient increased with the FC. When FC was 40%, most fine particle might be fixed in the load transfer chains and hence it led to the initiation hydraulic gradient higher than 1 even subjected to the horizontal seepage flow. Possibly due to the increased amount of movable fine particles, the cumulative loss of fine particles increased with the initial FC.


[image: Figure 7]
FIGURE 7. Effect of initial FC on initiation and failure hydraulic gradients as well as cumulative loss of fine particles.





CONCLUSIONS

Two series of tests on horizontal seepage-induced suffusion in gap-graded cohesionless soils were conducted in this study and the following main conclusions can be drawn.

1. Before the initiation of suffusion, the seepage velocity increased approximately linearly with the hydraulic gradient. But their relationship became non-linear since the initiation of suffusion. At the failure hydraulic gradient, the seepage velocity increased rapidly.

2. The evolution of soil permeability with the increase in the applied hydraulic gradient can be divided into four stages. After the initiation of suffusion, alternate decrease and increase in the coefficient of permeability was observed, indicating that the soil specimen was subjected to alternate clogging and dredging of soil pores by the movable fine particles.

3. When the applied hydraulic gradient was higher than the initiation hydraulic gradient, the local hydraulic gradients became unevenly distributed along the flow path and this observation could be regarded as a sign of the initiation of suffusion.

4. Both initiation and failure hydraulic gradients increased with initial dry density and initial fines content. The higher initial dry density led to a smaller cumulative weight of eroded fine particles but the larger initial fc showed an opposite effect.
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Granular materials undergo particle crushing under the long-term load, which changes the particle size distribution (PSD) of the material, and then affects its mechanical properties, so the problem of its long-term stability issues is outstanding. Previous research indicated that the crushing characteristics of coral sand particles have an effect on the creep under constant load. In order to reveal the response law of particle crushing over time during the creep process of coral sand, a series of one-dimensional confined compression tests under different stresses were carried out on coral sand taken from an area near an island and reef in the South China Sea. Creep behavior, particle fractal behavior, and particle crushing evolution during the creep process of coral sand were studied. The test results show that the creep of coral sand under different stress conditions exhibits significant non-linear decay creep characteristics. The power function can be used to mathematically describe the strain–time curve of coral sand. Coral sands with different initial distributions show more stringent self-similarity under the normal stress levels, and their fractal behavior was in the development stage. At higher stress levels, they show good self-similarity and significant fractal behavior. Under the same stress conditions, the crushing amount and fractal dimension of coral sand are larger than that of quartz sand. The process before the coral sand creep reaches stability was closely related to the amount of particle crushing. The particle crushing PSD development has a fractal trend and can be described by a gradually increasing fractal dimension and the relative particle crushing rate also shows a non-linear attenuation characteristic with time.
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INTRODUCTION

Coral sand usually refers to a special geotechnical medium rich in calcium carbonate or other insoluble carbonates (debris of marine organisms that are deposited in situ or deposited near site), the mineral component is mainly calcium carbonate. It is often used as an ideal material for island reef reclamation and a natural foundation material in the construction of offshore infrastructure (Hassanlourad et al., 2008). Compared with general terrestrial and marine sediments, coral sand has special properties such as high porosity (rich in internal pores), irregular shape, low particle strength and easy to break, and easy cementation of particles, which makes its engineering mechanical characteristics have obvious differences (Zhang et al., 2005; Zhao et al., 2017a, 2019a). At present, a great deal of research work has been carried out on its macro and micro structural characteristics (Jang et al., 2017), static properties (Zhang et al., 2009), and mechanical behavior under explosion impact load (Xu et al., 2012; Zhao et al., 2017b), and fruitful research results have been obtained. During the actual construction of the island and reef project, under the long-term effect of the additional stress of the structure, the process of the foundation settlement deformation increasing with time was regarded as creep, which will bring serious problems to the use of the structure. Therefore, controlling the medium and long-term settlement and deformation of the foundation was one of the key issues to ensure the long-term stability and sustainable development of island and reef projects (Coop and Lee, 1993). In recent years, on the basis of fractures during the rheology of the rock (Zhao et al., 2016, 2017c, 2019b), more and more scholars have studied the creep of sand, which shows that the process of creep was often accompanied by particle crushing. Ye et al. (2019) carried out triaxial creep tests under different confining pressures on South China Sea coral sands with different dry densities, and found that the volume change trend during creep depends on whether the volume shrinkage was completed during the loading stage before creep occurs. Karimpour and Lade (2013) conducted triaxial creep tests on Virginia sand under different confining pressures. The results showed that the creep of sand under low confining pressure was mainly due to the reorganization and slip of the particles, while the creep of sand was difficult to stabilize under high confining pressure, and the sand particles were crushed during the creep process. Lv et al. (2017) pointed out that during the triaxial shear creep process, quartz sand exhibited dilatancy characteristics, while coral sand always exhibited shear shrinkage characteristics, and the main reason for the large creep deformation of coral sand was that the edges and corners of irregular particles were intertwined with each other, and the grinding and fracture in the particle crushing characteristics occur under continuous stress (fracture occurs under high stress). Lade et al. (2010) aimed at the time effect of broken coral sand deformation, and it was proposed that particle crushing can reshape the structure. The effects of particle crushing on the stress relaxation of coral sand rheological properties under different confining pressures, initial deviator stresses, and strain rates were studied. However, the development process of particle crushing state during creep and the influence of relative crushing rate on creep are not considered.

In view of the particle crushing characteristics of materials, classical soil mechanics theory believes that soil particles cannot be compressed and crushed, and its deformation is due to the discharge of gas and liquid from the soil pores and the movement and reorganization of particles (Zhang et al., 2003). In fact, during the medium- and long-term creep process of the soil, the particles will be partially or wholly crushed under the long-term stress. The granular crushing characteristics of different granular materials are significantly different. Previous data show that quartz sand usually crush under the stress of about 12.8 MPa, while coral sand will break up under the constant stress level (Wang et al., 1997). Particle size distribution (PSD) before and after particle crushing plays an important role in the study of quantitative particle crushing. Domestic and foreign scholars have studied the evolution of PSD during the crushing process and proposed different particle crushing indicators to measure the overall crushing degree of the sample (Lee and Farhoomand, 1967; Marsal, 1973; Hardin, 1985; Shen, 1985). Hardin (1985) assumes that particles do not continue to break after they had broken to 0.074 mm and that all particles had broken to 0.074 mm at the end of crushing. The value 0.074 was regarded as the limit particle size, and the relative particle crushing index Br was widely accepted. Wang et al. (2019) developed a triaxial drainage cycle shear tester for coral sand and found that the calcareous sand produced few particles during the consolidation process. However, significant particle crushing was generated under the subsequent cyclic shear and described by Hardin’s relative particle crushing index. Karimpour and Lade (2013) introduced the relative particle breakage index Br defined by Hardin to quantify the degree of particle crushing after calcareous sand creep and found that there was a linear positive correlation between the energy input and the relative particle crushing index, but no research has been done on the evolutionary law of particle crushing during creep and its effect on creep. At present, a large number of experiments showed that the granular material will tend to have fractal distribution after crushing, and reach the limit fractal distribution when the crushing rate was large enough (Sammis et al., 1987; Luzzanil and Coop, 2002; Coop et al., 2004). On this basis, Einav (2007) revised the final fractal distribution model of the PSD to a particle size fractal distribution model and redefined the relative particle crushing rate, which was more in line with the actual particle crushing situation. However, there were few studies on the dynamic evolution and fractal behavior of PSD during particle crushing. Zhang et al. (2015) studied the fractal behavior of quartz sand by confined compression test under high pressure stress and found that with the development of particle crushing, quartz sand with different initial distributions and particle sizes tended to have self-similar fractal distribution. Coop et al. (2004) performed a ring shear test on calcareous sand with a single particle size group, and the results showed that the gradation curve would tend to be stable at high strain levels.

In the course of continuous particle crushing of any initially uniformly distributed granular soil, there is a process that tends to the limit fractal distribution. The evolutionary law of particle fragmentation during the creep process is a concentrated reflection of the complexity of the particle fragmentation process. The study of the creep process of coral sand particles of a single particle size group is the basis for the study of the creep of multi-particle group coral sand (Tong et al., 2015). At present, domestic and foreign researches on particle crushing mainly focus on the factors that affect particle crushing. The development degree of particle crushing increases significantly with the increase in stress level, so most of the time, effects of particle crushing under low and medium stress are ignored. The study of particle fragmentation needs to consider the following three key issues as the following: how to use a simple and reasonable variable to represent the change in material gradation to describe the degree of particle fragmentation, and then introduce it into the strength criterion and the constitutive model; how to describe the evolution law of particle fragmentation; how to use the broken variables affecting the mechanical properties of materials. Therefore, in this manuscript, for one-dimensional creep and confined compression tests of coral sands of different single particle size groups at different end times, the evolution and fractal behavior of PSD distribution of coral sand particles at constant stress and different creep times were analyzed. The creep characteristics and fractal behavior of PSD under different stress levels had been analyzed, and it was found that fractal dimension was introduced to represent the change in coral sand gradation to describe the degree of particle fragmentation. The relative particle fragmentation rate after perfection of fractal theory was used to describe the particle fragmentation evolution law and to reveal the impact of particle fragmentation development on creep.



MATERIALS AND TEST METHODS


Basic Characteristics of the Sample

The test coral sand sample was taken from an island reef in the South China Sea. It was a loose, uncemented coral debris marine sediment, which was off-white in color with pink impurities. The composition of the sand sample was analyzed by D/MAX-2500/PC X-ray polycrystalline powder diffractometer made in Japan, and it was found that calcium carbonate content of the sample up to 96.51%. According to the requirements of sample size and particle size in the geotechnical test specification, particles with a particle size larger than 5 mm are excluded. After the initial screening, 500 g of sand samples were washed with water and desalted, and then dried in an oven at 105°C for 24 h. After cooling, they were sieved with a geotechnical standard sieve, and the mass of each particle size group was retained (shown in Figure 1). Affected by biological genesis, coral sand particles are mainly composed of biological fossils such as shells and coral debris, and have a variety of shapes, including lumps, flakes, branches, and cones are common. In many cases, their thickness is small compared with the other two dimensions, so it is necessary to consider the effect of the shape of the particles on the test results during the test. Therefore, when selecting samples, large-scale irregular coral sand larger than 2.0 mm was eliminated, and more regular particles were left as far as possible to facilitate standard sieve screening. The sand particles were controlled in a smaller particle size range to perform the test to reduce the effect of sample preparation errors. Before the test, the basic physical parameters of the coral sand samples were measured as shown in Table 1. D10, d30, and d60 are effective particle size, continuous particle size, and limited particle size, respectively. The maximum and minimum porosity ratios are 1.14 and 0.78, the specific gravity is 2.77, the curvature coefficient of the sample satisfies the condition Cc = 1–3, but does not meet the condition of the non-uniformity coefficient Cu > 5, so it is a poorly graded medium sand.


[image: image]

FIGURE 1. Particle size distribution of sample.



TABLE 1. Basic physical parameters of sample.
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Test Methods

This experiment studies the dynamic development of particle crushing during the one-dimensional creep of coral sand and the effect of particle crushing on creep. There were four groups of single-grained coral sand with main particle sizes of 0.25–0.5 mm, 0.5–1.0 mm, 1.0–2.0 mm, and 2.0–5.0 mm. The first three groups of single-grained coral sand were subjected to confined compression test and one-dimensional compression creep test, and 2.0–5.0 mm of coral sand was subjected to confined compression test. At present, most of the existing studies on coral sands focus on the transient behavior of particles, and the research on the effect of particle fragmentation on long-term mechanical behavior of materials was relatively rare. In combination with previous research (Chen et al., 2019), it was found that the breakage of coral sand particles under a constant stress level has a certain timeliness, but the timeliness gradually weakens with increasing stress. Therefore, based on this, the time effect of particle breakage development and the effect of particle breakage on the long-term mechanical behavior of materials during the creep process under low stress level (less than 4 MPa) were studied. The Instrument of Soil tests were used in the production of a single-lever-type WG high-pressure consolidation triple meter, with a maximum axial stress of 4,000 kPa, using the weight loading, a sample size of 61.8 mm diameter, high 20 mm. During the sample preparation, coral sand of the same quality was weighed each time when making the sand specimen. The falling sand method was used to maintain a constant falling distance through the funnel: Inject the coral sand into the container of the consolidation instrument twice, and compact the coral sand to a predetermined height with a stick to ensure the uniformity and consistency of the soil sample. The 0.25–0.5 mm, 0.5–1.0 mm, and 1.0–2.0 mm coral sands were loaded separately. The single particle size sample was subjected to one-dimensional compression creep tests with creep times of 2, 7, 14, 28, and 56 days under the loads of 50, 100, 200, 400, and 800 kPa, respectively. In this study, two sets of tests were designed. Each set of five parallel samples was tested to ensure the consistency and repeatability of the samples through creep deformation. Two groups started to creep at the same time, and one group carefully took samples for particle analysis to obtain PSD curves after the end of each creep time node. Cao and Ye (2019) conducted triaxial creep tests on calcareous sand under different confining pressures and found that under constant stress less than its breaking strength, attenuated creep of saturated calcareous sand, the deformation increased with time. However, the deformation rate continues to decrease until the deformation is stable, conforming to the classic Mesri creep model and eventually converging. As for the creep stability standards, there is no specification for it. According to the test situation and combined with Ye et al. (2019) to carry out a triaxial creep test on calcareous sand. In this manuscript, the stability criterion is set to observe that the axial deformation of the sample is less than 0.005 mm for five consecutive days, and the creep deformation is considered to be stable. After stress loading, the axial deformation was recorded in the order of 6 s, 1 min, 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h. After 24 h, it was changed to regular recording every day. Avoid fractal behavior that is too weak under normal stress. A confined compression test with a creep duration of 56 days under high stress was carried out on 2.0–5.0 mm coral sand. The most significant manifestation of particle crushing is the change in the PSD curve before and after the test. At present, there is no method to measure the PSD of the sample during the creep process, so after the confined compression test at different creep times of creep was completed in this study, the sample was carefully taken out for sieving for particle size analysis, and the PSD curve was drawn. In this study, a total of 160 specimens were tested for creep and standard sieved for particle size analysis, which took about 200 days. The specific test-loading scheme is shown in Table 2, and the coral sand samples of each group are shown in Figure 2.


TABLE 2. Test plan for the coral sand.
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FIGURE 2. (A–C) Selected more obvious SEM images of coral sand.




Particle Crushing Fractal Model


PSD Fractal Model

Under load, particles of granular materials will crush and change the PSD, which will affect its mechanical properties, including quartz sand, slag, and glass balls. Experimental evidence shows that with increasing particle crushing, any initially distributed particles will tend to have a self-similar fractal distribution (Hagerty et al., 1993). Mandelbrot (1982) believes that granular materials in nature will not continue to be destroyed indefinitely and will eventually reach the limit distribution and maintain the same scale. Turcotte’s (1986) research on the concept of meteorite particle discovery fractal provides a method to quantify the process of scale invariance. The PSD fractal relationship is defined by the relationship between the cumulative number of soil particles and particle size:
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In the formula, r is a scale describing the particle size, and N (r > R) is the number of particles with a particle size larger than R; D is the fractal dimension describing the fractal behavior, and the range is 0–3; C∗ is a coefficient that takes into account the volume increase of the particles and is related to the fractal dimension D.

In the PSD analysis of most granular crushed materials, the formula cannot be directly applied because the number of particles with a specific particle size and the size of the particle size cannot be directly obtained through experiments (Tyler and Wheatcraft, 1992). At present, the PSD obtained after the granular rock and soil material is crushed is usually sieved. Within the range of particle sizes examined, the pore size is divided into sieving layers. When described, it is expressed as the mass of particles with different size intervals in a certain size range (Yang et al., 1993). If we ignore the differences in the relative density and shape of the soil grains between the grain sizes, after integrating and normalizing the particle size of an interval, Tyler and Wheatcraft (1992) proposed a PSD fractal model represented by the relationship between the cumulative mass of soil particles and particle size:

[image: image]

In the formula, r represents the size of the selected particle size, M (r < di) represents the cumulative mass of particles smaller than di (consistent with the commonly used PSD curve), MT is the total mass of the particles, and di is the sieve aperture of the i-th layer. Assume the minimum and maximum particle diameters of the soil particles to be dm and dM, α = 3−D, where D is the fractal dimension, and the value range is 0–3.

The fractal model represented by formula (2) has been widely used in PSD of rock and soil. Formally, the result of formula (2) is the same as that of formula (1), but analysis shows that formula (2) has strict self-similarity fractal behavior, and a particle density range is assumed in the formula, which is more reasonable for many uniformly distributed granular materials. In a given particle size range dm–dM, PSD curves at semi-logarithmic and double-logarithmic coordinates according to different fractal dimensions are drawn, as shown in Figure 3. It can be seen that the strictly self-similar PSD curve is a cluster of concave curves on the semi-logarithmic axis and a cluster of straight lines on the double-log axis. As the particle crushing intensifies, the D value continues to increase. In this study, formula (1) is used to describe the fractal behavior of PSD during the creep of coral sand, and the ultimate limit PSD curve of particle crushing is represented by a PSD fractal model considering the fractal dimension. When most granular materials are broken and stable, their fractal dimension is between 2.0 and 2.8, and the degree of particle crushing increases as the fractal dimension increases (Steacy and Sammis, 1991): The final fractal dimension of fault mud is 2.6 ± 0.15 (Marone and Scholz, 1989), the fractal dimension of quartz sand is 2.2–2.5 (Lu et al., 2003), and Zhang Jiru measured the fractal dimension of the Yangtze River gravel to be 2.4 (Zhang et al., 2015).


[image: image]

FIGURE 3. PSD fractal curve.




Relative Particle Crushing Ratio

The granular material changes the PSD of the initial particles under the load, and the gradation curve changes before and after crushing. In order to quantify the degree of particle crushing, scholars at home and abroad have carried out a lot of research and usually describe it quantitatively as the change of a characteristic particle size before and after crushing in PSD. Lee and Farhoomand (1967) defined B15 as the ratio of the characteristic particle diameter d15 before and after crushing. Lade et al. (1996) defined B10 as the difference between the ratio of 1 and the effective particle size d10 before and after the particle was crushed. The Chinese Academy of Water Resources and Hydropower Sciences (Shen, 1985) selected the difference between the characteristic particle size d60 before and after crushing to define B60. Marsal (1973) defined the sum of the absolute values of the differences in the content of each grain group before and after crushing as Bg. Although the above particle crushing metrics are simple and easy to calculate, B10, B15, and B60 only measure the overall crushing degree based on the changes before and after the crushing of a single characteristic particle size; metrics are discontinuous and poorly integrated. Although Bg includes the changes before and after the destruction of each grain group, the sum is not enough to reflect the actual changes of each grain group, so this kind of crushing index is not universal. Hardin (1985) assumes that the particles do not continue to break after they are broken to 0.074 mm and that all particles are broken to 0.074 mm at the end of the break. Considering 0.074 mm as the ultimate particle size of the particles after broken the crushing potential Bp and the total crushing amount are defined as Bt, which proposed the relative particle crushing rate Br to measure the degree of particle crushing. However, some experimental studies have shown that the actual particle crushing process does not continue to crush continuously, and fractal distribution often occurs, showing strict self-similarity (Sammis et al., 1987). Einav (2007) modified the limit distribution at the end of particle crushing based on the PSD fractal model proposed by Tyler and Wheatcraft (1992) into a fractal distribution Fu(d) = (d/dM)α, where α = 3−D, and D is the fractal dimension; The definition of broken potential was changed, and an improved form of Hardin’s indicator was proposed. The definition of the two indicators was compared as shown in Figure 4. In this paper, the Einav index, which is more in line with actual conditions, is used to describe the amount of particle crushing that affects creep deformation during the coral sand creep process, and the response of the two indexes to the fractal behavior and creep state of PSD over time is compared.
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FIGURE 4. Definition of breakage factors.




RESULTS AND DISCUSSION


Creep Characteristics

Figure 5 is an axial strain–time curve chart of three groups of single particle size coral sand of 0.25–0.5 mm, 0.5–1.0 mm, and 1.0–2.0 mm. Because this test uses separate loading, the moment when vertical stress is added can be regarded as instantaneous loading. When the test results are processed, the time of the first creep deformation data point is recorded as 0.1 s, and the axial strain is the total strain, including the initial strain and creep strain. Three types of sand samples of single particle size are prepared after drying and are filled to a predetermined height by the falling sand method to ensure that each sample is filled with a container. Because the larger particles of irregular shape, resulting in different sample mass in each group can be considered a different single dry density of samples with sand, particle sizes of 0.25–0.5 mm, respectively, set a dry density of 1.244 g/cm3, 0.5–1.0 mm. The dry density of the particle size group is 1.158 g/cm3, and the dry density of the particle size group of 1.0–2.0 mm is 1.145 g/cm3. It can be seen from Figure 5 that under different stresses, the coral sands with different gradations have undergone significant deformation with time, which is creep. The shape of the curve of the creep deformation over time under different stresses in each particle size group is basically similar, and it has obvious stages. Both have experienced a rapid deformation stage and a stable creep deformation stage.


[image: image]

FIGURE 5. Axial strain-time relationship curves of coral sand with different particle sizes. (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0 mm.


The axial logarithmic strain–time curves of the coral sand creep of different single particle size groups are shown in Figure 6 after using the double logarithmic axis. Under different stress conditions, the strain–time curves of coral sand of each particle size group show good linearity, and as the stress increases, the linear correlation is higher, indicating that the strain–time curve of coral sand under higher stress is better described by a power function. On the other hand, with the increase in the particle size, the strain–time curves of the same particle size group under different stress conditions tend to be parallel, indicating that the coefficient (the slope of the straight line) affecting the description of the creep function has a weak correlation with the magnitude of the stress.


[image: image]

FIGURE 6. Creep curve in logarithmic coordinates. (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0 mm.


It can be seen from Figures 5, 6 that the strain time curves under different stress levels of each particle size group show significant non-linear decay creep characteristics. On the one hand, the time required for the creep of the coral sand single particle size sample to stabilize is related to the test stress. When the vertical stress is increased, the longer it takes to reach creep stability. On the other hand, there are differences between different particle size groups under the same stress. Taking the stress of 800 kPa as an example, it takes 35 days for the creep of the 0.25–0.5 mm particle size group to stabilize, 28 days for the 0.5–1.0 mm particle size group, and 26 days for the 1.0–2.0 mm particle size group. The creep stabilization time was different between different particle size groups. The creep stabilization time of the small particle size group under the same stress level was longer than that of the large particle size. The reason was that the space for small particles of sand samples to rotate and grind between the sand particles during the creep deformation stage becomes smaller, and the frictional resistance of the relative slip between the particles also becomes relatively larger. As a result, the rate of relative slip between particles was also small, so the sample takes longer to reach the steady state of creep.



PSD Fractal Behavior During Creep

Studies have shown that granular rock and soil materials undergo particle crushing under sustained stress. The PSD of the particles after crushing tends to be fractal, which is positively correlated with the increase in stress level. Taking a sample of 56 days in the creep test performed as an example, the PSD curves of each particle size group after being crushed under different vertical stress levels are plotted as shown in Figure 7. It can be found in Figure 7 that the coral sands with different initial particle sizes have a small amount of fine particles produced under continuous load under normal stress. On the one hand, as the stress level increases, the degree of particle crushing intensifies, and it gradually becomes fractal. On the other hand, under the combined effect of stress level and creep time, the particle size of each particle size group tends to have a self-similar fractal distribution. A large number of fine particles are generated by particle crushing, but in the end, some initial large particles were still not completely crushed. This phenomenon can be explained as during the crushing process, particles are continuously recombined, filled, and ground. The contact points between large particles and surrounding smaller particles increase, and the force is transmitted from one particle to another through the contact between particles. After visualization, it appears as a chain-like structure, which is intuitively called a force chain, so that large particles are buffered by force, and their ability to resist crushing is enhanced. Therefore, smaller particles are more likely to be broken first. Zhang et al. (2017) found that among the many meso-characteristic parameters, the force chain is a characteristic particle group, which is between the particles and the unit body on a scale, and it is also the main body for the load and force transmission of granular materials, showing the same changing characteristics as macroscopic stress and strain. Tsoungui et al. (1999) observed this buffering effect through experiments and numerical simulations, and found that while the large particles were buffered, the small particles adjacent to them were continuously crushed.
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FIGURE 7. Evolution of coral sand PSD (semi-logarithmic axes). (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0 mm.


Figure 8 is the PSD curve represented by a double logarithmic coordinate axis, and the self-similarity of PSD evolution can be found more clearly. By observing Figure 8, it is found that between different particle size groups, as the range of PSD increases, the shape of the PSD distribution is similar to that shown in the semi-logarithmic axis, which is a cluster of concave curves. Increasing stress levels, intensified crushing, increased fine particles, and the concave curve tended to be gentle. It can be seen that, under the action of different stress levels, the fractal behavior of particle crushing is a gradual process. Only when it is close to the limit stress does it show a significant fractal behavior.
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FIGURE 8. Evolution of coral sand PSDs (double logarithmic axes). (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0 mm.


In order to understand the fractal behavior of particle crushing during the coral sand creep process, a linear regression analysis was performed on the PSD data obtained by sieving and formula (2). The results are shown in Figure 9. The obtained fractal dimension D and the corresponding fitting correlation coefficient R2 are listed in Table 3. Comprehensive analysis found that coral sand would break up under normal stress, but the fractal characteristics were not obvious. The obtained fractal dimension was smaller and significantly increased with the increase in particle size and stress level, which is in the development stage of fractal distribution. Each sample data is linearly weak. The analysis has two reasons: on the one hand, while coral sand is easily broken, a non-negligible fragmentation occurs under conventional stress level. This characteristic just shows that the crushing limit that coral sand can reach is also larger, and it can produce a greater degree of crushing than other granular materials under higher stress levels. On the other hand, when drawing the PSD curve of the sieved particles, due to the limitation of the test conditions, there is failure to obtain the particle quality data of less than 0.074 mm, resulting in data inconsistency and affecting the description of the PSD curve. Although the fractal behavior is weak, we can still use the increasing fractal dimension to describe the development process of particle crushing. Because the coral sand is broken in the process of particles, large particles are broken to produce small particles, and the small particles are reorganized and dispersed in the gaps between the large particles and the interconnected spaces inside the particles. In addition, the fractal dimension is an indicator of the filling degree of fine particles.
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FIGURE 9. Linear fitting for lg[M(r < di)/MT] and lg(di/dM). (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0 mm.



TABLE 3. Fractal dimension and regression coefficient for coral sand.

[image: Table 3]
Because of the lower stress level, the fractal characteristics of coral sand particles are not obvious. So take the 2.0–5.0 mm coral sand under the higher stress levels of 0.8, 1.6, 2.4, 3.2, and 4.0 Mpa to carry out a 56-day confined compression test. The data will be processed as shown in Figure 10. Comparing Figure 10 with Figures 7–9, it is found that the fragile characteristics of coral sand have been further verified. The particle crushing has increased significantly, the PSD curve clusters have changed from bending to straight lines, and the fractal characteristics are obvious at higher stress levels. Linear correlation remarkably improved the fractal dimension value when more close to the limits of particle crushing fractal distribution. And compared with Zhang et al. (2015) on the data of quartz sand fractal behavior research as shown in Table 4, it was found that the PSD data of coral sand under normal stress has a higher linear correlation, and the fractal behavior is more significant than that of quartz sand. In addition, under the same stress condition, the particle size of coral sand is higher than that of quartz sand.
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FIGURE 10. Evolution of particle size distribution in coral sand under higher stress (2–5 mm). (A) Evolution of coral sand PSD (semi-logarithmic axes), (B) Evolution of coral sand PSD (double logarithmic axes), and (C) Linear fitting for lg[M(r < di)/MT] and lg(di/dM).



TABLE 4. Fractal dimension comparison between coral sand and silica sand (2–5 mm).

[image: Table 4]


Particle Crushing Evolution During Creep

According to the above studies, coral sand has obvious fractal behavior when particles are broken at higher stress levels, but the fractal behavior is not obvious at low stress levels. Since the creep test carried out by this research adopts a separate loading method, the creep test under each stress level needs to be re-prepared and loaded. Even if the same tester operates, the sand samples of the same particle size group are strictly tested. The falling sand method cannot theoretically be completely the same between samples. This unavoidable factor may cause the test results to have a certain degree of dispersion, which in turn may lead to weak regularity of the test data. If the test data from different times has good regularity and self-similar characteristics, it means that the test results and conclusions of the multiple experiments conducted have good credibility. In addition, to investigate the particle crushing and PSD fractal behavior of coral sand creep at different time points, the measured isochronous curve between the relative particle breakage rate and the stress level of each particle group is shown in Figure 11, and the development law of the relative particle breakage rate of each particle size group with time under different stress levels is shown in Figure 12.
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FIGURE 11. Relative particle breakage rate-stress isochrones. (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0 mm.
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FIGURE 12. Effect of time on particle breakage. (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0 mm.


It can be seen in Figure 11 that, on the one hand, the isochronous curves of the relative particle breakage rate and stress level of each particle size group have good self-similar characteristics, which shows that the PSD data of coral sand after different creep times performed in this paper have good reliability. On the other hand, the degree of particle breakage in the sample creep of each particle size group at the same time is similar to the change law of stress. The particle breakage process gradually slows down, and the movement and reorganization of the particles to form a force chain to resist crushing is enhanced. Small particle size particle breakage mainly occurs and develops in the early stage of creep. The latter stage is stable and slow. The development of particle breakage is affected by time. However, the effect of the stress level on the development of particle breakage in the 56-day group of large particle size particles is consistent, which indicates that the large particle is in the accelerated particle crushing stage in the stress level section selected in the test, and has not yet been caused by slippage and friction, and crushing to produce more fine particles to help cushion the stress levels. Todisco et al. (2017) used pressure devices and high-speed cameras to study the crushing behavior of individual particles, and found that the material hardness was seen to be of key importance in the crushing mechanism. It may affect the particle strength through the deformation of the contacts, and an increase in the number of contacts also induced an increase in particle stress at failure. The small particle size group in this study was precisely because of its small particle size, which leads to an increase in the number of compression contacts and continuous changes, and the particle failure stress increases in a short period of time, so the late creep development was stable and slow.

It can be seen in Figure 12 that the relative particle breakage rate of each particle size group under different stress levels shows attenuation characteristics with time. The smaller the particle size, the more obvious it is, similar to the creep deformation characteristics of coral sand. The effect of change is approximately positively correlated. Coral sand’s creep deformation and the degree of particle fragmentation respond to time in a consistent manner and have a positive correlation with the stress level. In order to investigate the state of particle fragmentation during the creep process of coral sand samples after 2 days of consolidation, taking the 1.0–2.0 mm coral sand sample as an example, the relative particle breakage rate calculated under each stress level is shown in Table 5. It can be seen in Table 5 that under the constant stress level, the crushing of coral sand particles has a certain time validity. The relative value indicates that the development of particle crushing during the creep process after consolidation is completed. It can be seen that the particle breakage during the creep process cannot be ignored and occupies a large proportion in the entire deformation process, but as the stress continues to increase, the time validity of the breakage of the coral sand particles gradually decreases. For example, at a stress level of 50 kPa, the proportion of particle fragmentation during creep during the entire deformation process is as high as 52.31%, and when the stress level is increased to 800 kPa, the proportion of particle breakage during the creep process is reduced but still accounts for 28.42%. It can be seen that under the continuous action of lower stress, the particle position adjustment and time-dependent fatigue fracture of small-sized particles in the breakage state of the particles are more than the large-sized particles, so the creep time-validity effect of small particle samples is stronger than that of large particle samples.


TABLE 5. Relative particle fragmentation rate in coral sand test (1–2 mm).

[image: Table 5]
Taking the coral sand of each particle size group under the 800-kPa stress level as an example, the relative fragmentation rates and fractal dimensions obtained at different compression periods are shown in Table 6. It can be seen in Table 6 that during the creep process, the relative fragmentation rate continues to increase with time, the degree of particle fragmentation intensifies, and particle fragmentation tends to develop into a fractal distribution, but the fractal behavior is weak and has not yet reached the limit distribution state. Under the constant stress level, large particles have high edge angles, irregular shapes, and particles are more fragmented than small particles. Therefore, the relative fragmentation rate of the index, which describes the degree of fragmentation of the large-size coral sand particles, and the fractal dimension of the index, which describes the degree of fractal are larger than those values of the small-size coral sand.


TABLE 6. Relative particle breakage rate and Fractal dimension at the stress level of 800 kpa.
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CONCLUSION

Aiming at the fractal behavior of particle breakage during the mid-to-long-term settlement deformation of coral island foundations in marine islands and reefs, a series of different initial graded coral sand creep tests and confined compression tests at conventional stress levels were carried out to study PSD fractal behavior after particle crushing during creep and the effect of particle crushing on creep behavior. There are three main conclusions:

(1) Coral sand has obvious deformation aging under long-term load and exhibits significant non-linear decay creep characteristics. It has experienced rapid deformation and stable creep deformation. The strain–time curve can be described by a power function. With the increase in stress level, the creep of coral sand mainly develops from friction slip between particles to particle breakage.

(2) Coral sand of different grades tends to have self-similar fractal distribution under different stress levels. The development speed is related to the amount of broken particles, which can be described by gradually increasing fractal dimensions. Coral sand has a considerable amount of particle crushing under low stress levels, but the fractal characteristics are weak, but as long as the stress levels are high (relative to non-fragile materials), significant fractals can be observed The comparison of behavior with quartz sand further indicates that fragile coral sand has a remarkable fractal behavior under conventional stress.

(3) The isochronous curves of the relative particle breakage rate and stress level of different grades of coral sand have good self-similar characteristics. The particle breakage of the small particle size group mainly occurs and develops in the early stage of creep, and the development is stable and slow in the later stage. The effect of particle stress level of the large particle size group on the development of particle breakage is consistent. The change in relative particle breakage rate with time and the change in creep deformation with time show attenuation characteristics.
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The constitutive relation of rock joints in the percolation environment has always been a frontier research topic in the field of geotechnical engineering, involving nuclear waste disposal, dam foundation construction, tunnel tunneling, and other fields. In this study, a shear statistical damage constitutive model of rock joints considering seepage pressure was proposed, which takes into account the statistical damage, stage deformation characteristics and seepage action in the process of joint shear deformation. By introducing the seepage pressure reduction coefficient and establishing the relationship between the model parameters and the seepage pressure, the prediction of joint shear stress-displacement curves under different seepage pressures was achieved. The comprehensive comparisons between the theoretical results and the experimental results reveals that the model can accurately reflect the shear deformation law of joints and reasonably simulate the shear stress-displacement relationship of joints. And ultimately, the physical significance of the model parameters and their relationship with shear strength characteristics are discussed via the gray correlation method. The model and verification results presented in this study can deepen the understanding of the shear behavior of joints subject to high seepage pressure and contribute to the design and optimization of geotechnical engineering in the percolation environment.

Keywords: rock joints, constitutive model, seepage pressure, shear behavior, gray correlation


INTRODUCTION

Rock joints, which are ubiquitous in slope, fracture zone, and underground engineering excavation area, have a significantly weaker bearing capacity than the two wall surface rock masses (Yong et al., 2018; Lin et al., 2019a; Wang et al., 2020; Xie et al., 2020a; Zhang et al., 2020a,b). And typically, shear slip failure along joints has dominated the main failure modes of the aforementioned rock engineering under the action of external forces or drastic changes in the geological environment (Meng et al., 2017; Han et al., 2020; Li et al., 2020; Lin et al., 2020a; Yuan et al., 2020). Besides, as the main movement channel of groundwater, the seepage properties of joints also present a powerful influence on the shear mechanical properties of joints. In this case, the investigation on the strength characteristics and seepage characteristics of rock joints under shear load is of great practical significance for guaranteeing the safety and stability of geotechnical engineering and scientific rationality of design.

The salient issues of shear failure of joint under seepage pressure have globally attracted extensive attention from scientists and engineers. Since the establishment of the classical cubic law (Snow, 1969), numerous scholars have carried out explorations on the influence of stress on seepage characteristics of rock joints, including experimental research and numerical model research on the seepage characteristics of rock joint under normal stress, shear stress and composite stress, and obtained very rich results (Raven and Gale, 1985; Lee and Cho, 2002; Yasuhara et al., 2006; Xia et al., 2017; Zhao et al., 2017a,b). For the seepage characteristics of the fracture surfaces with circular convex contact areas, Walsh (1981) applied the effective stress theory to derive the influence coefficient of the contact area. Zimmerman et al. (1992) simplified the fracture surfaces to oval bulges, derived the correction factor for the contact area effect, and extended it to the analysis of irregular contact areas. Assisted with the COMSOL Multiphysics numerical method, Yang et al. (2015) proposed a finite element mathematical model of rock masses considering permeability and elastic anisotropy. Equipped by self-developed apparatus, Liu and Chen (2011) studied the seepage and deformation properties of rock joints subjected to normal stress, as well as lateral stress. Rong et al. (2017) conducted joint shear-seepage coupling tests to three types of granite joints with different roughness, and pointed out that the discharge was sensitive to the changes of normal stress, joint roughness coefficient (JRC), and pressure gradient.

Although these aforesaid valuable contributions lay a good foundation for further understanding of the deformation characteristics of rock joints under hydro-mechanical (HM) coupling conditions, the researches on the shear stress-displacement relationship of joints under seepage pressure, that is, the constitutive model, is still rarely reported. Olsson and Barton (2001) proposed an improved empirical engineering model that considers the coupling of hydraulic aperture and shear stress-displacement of joints during the shear process. Under the framework of the cubic law and minimum potential energy principle, Zhao et al. (2016) developed a coupled stress-seepage model to reflect the characteristics of the pre- and post-shear stress–displacement curves. Despite enriching the constitutive modeling of rock joints under seepage pressure, however, the theoretical model that directly include the shear stress, normal stress and seepage pressure remain unavailable.

Therefore, in this study, the modified constitutive model proposed by Lin et al. (2019b), as well as the additional introduction of the seepage pressure reduction coefficient β to quantitatively investigate the reduction effect of seepage pressure, was developed to predict the shear stress-displacement curves of joints under high seepage pressure. Particularly, the model considers the stage characteristics of shear behavior of joints under seepage pressure. All the parameters required by the proposed model can be directly determined from the laboratory direct shear tests. The validity of the proposed constitutive model was verified by experimental results.



CONSTRUCTION OF THE DAMAGE STATISTICAL MODEL


Constitutive Damage Model of Joint Shear in Seepage Environment

Based on damage statistics theory and joint shear deformation characteristics, Lin et al. (2019b) proposed a shear constitutive model that reflects the whole joint shear deformation characteristics as follows:

[image: image]

where ks is the shear stiffness, uy is the yield shear displacement, τr is the residual shear stress, and m and u0 are the Weibull distribution parameters.

Moreover, the Weibull distribution parameters m and u0 can be mathematically solved as:

[image: image]

where τp and up are the peak shear stress and peak shear displacement, respectively.

The shear constitutive model of rock joints is sensitive to permeable engineering environment, such as the interaction and superposition of stress field, seepage field, even temperature field and chemical field (Lei et al., 2019; Zhao et al., 2019; Lin et al., 2020b; Xie et al., 2020b). In order to thoroughly understand the problem of multi-field coupling, the method of the system research is needed, including the internal relations of the subsystems and the interactions among the subsystems. However, due to the complexity of this multi-field coupling, it is difficult to clearly reflect the whole coupling process, and it is quite difficulty to establish an accurate mathematical model up to now.

By establishing the relationship between model parameters (ks,uy, τp, up, u0, m) and seepage pressure Pw, a statistical damage constitutive model considering seepage pressure can be established. Then the joint shear stress-displacement curve under a certain seepage pressure can be predicted by the existing sample shear stress-displacement curve. Based on the above conjecture, on the basis of Equation 1, the relationship between each parameter in Equation 1 and seepage pressure Pw is considered

[image: image]

where A(Pw), B(Pw), C(Pw), D(Pw), E(Pw), F(Pw) represent the certain correlations between corresponding model parameters and seepage pressure Pw.

Therefore, as long as the relationship between model parameters and seepage pressure Pw are determined, the statistical constitutive model of joint shear damage considering seepage pressure can be established by substituting Equation 3 into Equation 1:

[image: image]



Determination of the Relationship Between Model Parameters and Seepage Pressure
 
Experimental Results

In this study, experimental data from literature (Qian, 2018; Qian et al., 2018) were selected as examples to establish a statistical damage constitutive model of rock joints considering seepage pressure.

The shear-flow coupling tests were performed on three artificial joint samples with different roughness surfaces. Twenty seven samples with the size of 200 × 100 × 100 mm (length × width × height) were produced with different joint morphologies, divided into 3 groups (denoted as L, M, and H) and 9 samples with identical morphology in each group. The joint roughness coefficient (JRC) corresponding to these 3 groups of samples are : L: JRC = 5.657, M: JRC = 10.793, and H: JRC = 13.897, respectively. Note that, these samples were numbered as the rule of X-RJ N, where X stands for the group name (L, M, or H), and N stands for sample number. The values of seepage pressure (pw) adopted in the tests were 1, 2, and 3 MPa, and the normal stresses of 5, 8, and 10 MPa were applied, respectively. The uniaxial compressive strength (σc) and basic friction angle (φb) of prefabricated joint samples are 77.14 MPa and 32.48°, respectively.

All direct shear tests strictly follow the latest revised ISRM recommendations (Muralha et al., 2014). The obtained shear test results are presented in Figures 1–3, and the relevant test data are recorded as shown in Table 1.


[image: Figure 1]
FIGURE 1. Shear stress-displacement curves of three joint groups under normal stress of 5 MPa and three different seepage pressures. (A) L joint (B) H joint (C) M joint.



[image: Figure 2]
FIGURE 2. Shear stress-displacement curves of three joint groups under normal stress of 8 MPa and three different seepage pressures. (A) M joint (B) L joint (C) H joint.



[image: Figure 3]
FIGURE 3. Shear stress-displacement curves of three joint groups under normal stress of 10MPa and three different seepage pressures. (A) L joint (B) M joint (C) H joint.



Table 1. Roughness parameters of different types of joint samples and direct shear test results.

[image: Table 1]

According to the test results, the shear stress-displacement curves of joints under seepage pressure basically conform to the typical shear stress-displacement curve (Figure 4): elastic deformation stage (1), yield stage (2), post-peak deformation stage (3), residual deformation stage (4), where τy and uy represent the yield shear stress and yield shear displacement, τp and up stand for the peak shear stress and the peak shear displacement, τr and ur are the residual shear stress and the residual shear displacement, respectively. Practically, not all characteristics of four stage mentioned above are available in experimental curves due to objective attributes or subjective operations. A typical phenomenon is that a few experimental constitutive relationship curves may not have obvious residual deformation stage (lack of residual shear stress τr), that is, the shear stress still keeps a downward trend at the end of the shear process, but this stage still cannot be omitted in the constitutive relationship modeling process.


[image: Figure 4]
FIGURE 4. Ideal shear stress-stress displacement curves.




Determination of the Peak Shear Stress τp Under Seepage Pressure

It is strongly evident in Figures 1, 3 that with the increase of seepage pressure, the peak shear stress τp decreases continuously. From the view of influence mechanism, Xia and Sun (2002) pointed out that both the cohesive force c and internal friction angle φ of most rocks (except mudstone, shale and other soft rocks) showed no significant changes due to the existence of water, and therefore the reduction of shear strength was mainly caused by the decrease of the effective normal stress on joint surface, i.e., (σn−Pw), which can be explained by the effective stress principle of geotechnical materials (Xia et al., 2020), namely:

[image: image]

where σn is normal stress, Pw is seepage pressure, φ and c are internal friction angle and cohesive force, respectively.

By means of wavelet transform and 3D laser scanning technology, Qian (2018) established a new peak shear strength criterion considering the influence of joint match coefficient (JMC) and the first order undulations and second order roughness of joints, namely:

[image: image]

where JMC is the joint match coefficients, JCS is the joint wall compressive strength, φb is the basic friction angle of the joint, [image: image] and [image: image] are the slope root mean square of first-order waviness and second-order unevenness, respectively.

Actually, in the process of shearing, due to the alternant occurrence of shear shrinkage and shear dilatation on joint surface, the contact interaction emerged between part of the joint surface will trigger the instantaneous variation of the action of seepage pressure. As a consequence, the effective stresses acting on rough joints are dynamic. Referring to the modification of the effective stress principle by Biot (1963) (i.e., Biot coefficient), a seepage pressure reduction coefficient symbolically expressed as β, representing the average effect of seepage pressure on shear strength reduction, was introduced in this section. And therefore, Equation 6 can be recast into:

[image: image]

The relevant test data in Table 1 were substituted into Equation 7, and the seepage pressure reduction coefficient β was calculated as 0.825.

In order to find a good model to predict the peak shear stress, by comparing Equation 7 with JRC-JMC model, (Xia et al., 2014; Yang et al., 2016), the prediction errors of each model are demonstrated in Table 2:

[image: image]

To facilitate the comparison of the error between the experimental peak shear stress and the predicted peak shear stress of different models, the average estimation error [image: image] was adopted as the precision index, as shown in Equation 9 (Liu et al., 2017):

[image: image]

where τpeak,exp is the experimental peak shear stress,τpeak,est is the estimated peak shear stress, and n is the number of joint samples.


Table 2. Comparison of the experimental peak shear stress and the predicted peak shear stress of different models.

[image: Table 2]

The comparison results in Table 2 show that the deviations with the measures values of the four models are 8.805% (Equation 7), 11.326% (JRC-JMC), 27.353% (Yang et al., 2016), 29.338% (Xia et al., 2014), respectively. Obviously, the prediction error of Equation 7 is significantly smaller than that of other models. Therefore, Equation 7 is selected as the method to establish the peak shear stress τp in this study.



Determination of the Peak Shear Displacement up Under Seepage Pressure

In literature (Qian, 2018), the existing models commonly used to calculate the peak shear displacement up were compared:

[image: image]

where L0 is the laboratory-scale joint sample length (in meters) and Ln is the field-scale length (i.e., the spacing of cross-joints that gives the effective block size) (in meters). In this modeling attempt, Ln was set equal to L0.

The average deviation equation (See Equation 9) is still used to analyze the prediction effects of each model in Equation 10. The comparison results are tabulated in Table 3, it can be seen from Table 3 that Qian's model has the best effect (the average deviation is only 7.49%). Therefore, Qian's model is selected as the method to predict the peak shear displacement up in this study.


Table 3. Comparison of the experimental peak shear displacement and the predicted peak shear displacement of different models.

[image: Table 3]



Determination of the Yield Shear Displacement uy Under Seepage Pressure

The yield shear displacement uy is the turning point of the shear stress-displacement curve from the elastic deformation stage to the pre-peak softening stage. At present, there is no general theoretical analytic solution for the determination of the position of this point. With reference to the method of Xia et al. (2014) and Qian (2018), the shear displacement of the joint sample at the moment where the initial dilatancy occurred was taken as the yield shear displacement. The ratio of shear displacement at the time of dilatation to peak shear displacement of each sample can be obtained from reference (Qian, 2018). Finally, uy = 0.38up was selected as the yield point in this study.



Determination of the Shear Stiffness ks Under Seepage Pressure

The determination of shear stiffness ks (i.e., the slope of elastic deformation stage) strongly depends on the accurate value of yield shear stress τy. Goodman (1976) conducted a large number of joint direct shear tests, and the results showed that the yield shear stress was approximately equal to 70–90% of the peak shear stress. Amadei et al. (1998) analyzed the direct shear test characteristics of natural joint sample and artificially created joint sample under constant load, and found that 75% of the peak shear stress was suitable for yield shear stress. Hungr and Coates (1978) found that 0.9τp as the yield shear stress is suitable for engineering applications. Although the above literatures have evaluated the yield stress determination of joints based on experimental data, there is no general method that can accurately capture the yield stress of joints in complex stress states.

According to the test data of different types of joints, it is a common method to obtain a summary of the test data with yield stress characteristics from a limited number of strength tests. In section Determination of the Shear Stiffness ks Under Seepage Pressure, the method for determining the yield point has been discussed. The shear stress corresponding to the yield displacement selected in section Determination of the Shear Stiffness ks Under Seepage Pressure and the corresponding peak shear stress were plotted in the Y-X coordinate system to fit the curve. When τy = 0.7213τp, the optimal fitting effect can be observed. The specific process is described in detail in reference (Qian, 2018), which is not shown in this section due to space limitations.

In this case, the shear stiffness ks can be determined by the following equation:

[image: image]

Therefore, the shear stiffness ks determined in this verification is [image: image].



Determination of the Residual Shear Stress τr Under Seepage Pressure

As described in Figure 4, the constitutive relationship is ideal, with obvious residual deformation stage, as well as exact residual shear stress (τr), which is the key point when using the Equation 1 to simulate the shear stress-displacement curve. However, in the actual stress-displacement curve (Figures 1–3), there is no constant residual stage in the curve. Therefore, the suggested methods by International Society for Rock Mechanics (ISRM) were adopted for determining the residual shear stress τr. A value of τ corresponding to a variation lower than 5% during 1.0 cm shear displacements is selected. The residual shear stress τr is generally determined by the following equation:

[image: image]

where φr is the residual internal friction angle.

In the permeable environment, Equation 12 can be converted to Equation 13:

[image: image]

In order to simplify the modeling process, the common practice is to use basic friction angle φb instead of residual friction angle φr. However, on the basis of the test results of a large number of laboratory direct shear tests on natural tensile fractured joints (gneiss joints, limestone joints, granite joints) and corresponding tensile joint replicas, Park et al. (2013) found that the basic internal friction angle (φb) slightly differs with the residual internal friction angle (φr). Moreover, an empirical estimation method for the residual internal friction angle (φr) in the percolation environment is recommended in literature (Park et al., 2013; Qian, 2018), as shown in Equation 14:

[image: image]

where φp is the peak dilatancy angle, a and b are dimensionless parameters used to fit test data, respectively.

The peak dilatancy angle φp under higher normal stress can be determined by Equation 15 (Bandis et al., 1983):

[image: image]

Due to the limited space, the relevant experimental regression results are not presented here, and the final residual shear stress data used for verification are indicated in Table 4.


Table 4. Residual shear stress used to verify the feasibility of the proposed model.

[image: Table 4]




Model Verification

In order to evaluate the capability and rationality of the constitutive model proposed in this paper (Equation 4), the experimental example in reference (Qian, 2018) under high seepage pressure was selected as the verification.

The experimental parameters (i.e., the parameters in the proposed model with clear shear physics meanings) ks, τr, up, τp in Equation 4 have been determined in section Determination of the Relationship Between Model Parameters and Seepage Pressure, so the Weibull parameters m and u0 can be achieved from Equation 2. The relevant data in Tables 1–4 were substituted into Equation 2 to obtain the corresponding model parameters m and u0 of each test result.

Specifically, M-RJ2 test data was adopted here as an illustrative example for detailed validation. Before the shear-flow coupling test, the relevant roughness parameters and mechanical properties parameters of the M-RJ2 sample can be determined through 3D morphology scanning and relevant basic mechanical properties testing, as shown in Equation 16. Also note that these parameters in Equation 16 have been shown in the previous sections (see Tables 1–4), and the re-display here is only for the specific test (M-RJ2 sample) to detailedly elaborate on the steps that these parameters in Equation 16 are used to solve the specific model parameters (τp, up, m, u0, etc.).

[image: image]

By substituting the data in Equation 16 into the method for predicting peak shear stress (see Equation 7) and peak shear displacement (see Equation 10, Qian's model) determined above, the predicted values of τp and up can be denoted as

[image: image]

After obtaining τp and up, according to the method described in section Determination of the Yield Shear Displacement uy Under Seepage Pressure to Determination of the Residual Shear Stress τr Under Seepage Pressure, the corresponding values of uy, ks, τr of M-RJ2 sample can be computed by substituting the relevant test data in Equation 16 and Equation 17:

[image: image]

By combining Equations 17 and 18 with Equation 2, it can be calculated that the Weibull distribution parameters u0 and m of M-RJ2 sample are, respectively:

[image: image]

In such cases, all these constitutive model parameters in Equation 4 have been solved, so the predicted specific constitutive model expression of corresponding M-RJ2 sample can be derived as following:

[image: image]

The comparative plots for the experimental data (M-RJ2 sample) and predicted model curve (Equation 20) are plotted in Figure 5 below. As shown, there is a great agreement between the experimental data of M-RJ2 sample and predicted model curve. And the obtained correlation coefficient R2 value of 0.978 reveals that the proposed model sufficiently simulates the shear characteristics of rock joints under seepage pressure. It is worth noting that the peak values of the predicted curve and the experimental results are not completely consistent because the predicted τp and up have certain errors with the experimental results. Of course, this error is relatively acceptable. In sections Determination of the Peak Shear Stress τp Under Seepage Pressure and Determination of the Peak Shear Displacement up Under Seepage Pressure, the prediction error of the method used in this study has been compared with these widely used methods such as the JRC-JMC model and Barton model.


[image: Figure 5]
FIGURE 5. Comparison between the calculated curve of proposed model and experimental result (M-RJ2 sample).


In the same way, the proposed model is also used to simulate the remaining experimental results in Figures 1–3, and the predicted results are presented in Figures 6–8. Good agreement can be observed between the experimental and calculated results in Figures 6–8.


[image: Figure 6]
FIGURE 6. Comparison between the calculated curve of proposed model and experimental result (σn = 5MPa). (A) L joint (B) H joint (C) M joint.



[image: Figure 7]
FIGURE 7. Comparison between the calculated curve of proposed model and experimental result (σn = 8MPa). (A) M joint (B) L joint (C) H joint.



[image: Figure 8]
FIGURE 8. Comparison between the calculated curve of proposed model and experimental result (σn = 10MPa). (A) L joint (B) M joint (C) H joint.





DISCUSSION


Parametric Analysis

Although the Weibull distribution parameters m and u0 can be calculated from Equation 2, their physical significance in engineering practice is difficult to be seen from the expression itself. Equation 20 was selected as the data source to analyze the influence of parameters m and u0 on the constitutive relation curve. The relationship between shear stress-displacement curves under the action of different parameters m and u0 is schematically shown in Figure 9. It can be clearly seen that the two parameters have no effect on the elastic deformation stage.


[image: Figure 9]
FIGURE 9. The results for parametric studies of the proposed model for different values of Weibull distribution parameters. (A) Different u0, (B) different m.


Specifically, with the increase of the value of the parameter u0, the peak shear stress increases, while the relationship between the parameter m and the peak shear stress shows a trend opposite to that of u0. When u0 increased to 1.7 times of the original value (i.e., the u0 values varied from 0.49338 to 0.83875), the peak shear stress increased by 18.12%, while m increased to 1.7 times of the original value (i.e., the m values varied from 0.39913 to 0.67852), the peak shear stress decreased by 26.525%, that is, m was more sensitive to the peak shear stress. The shear stress vs. shear displacement curves corresponding to different u0 are approximately parallel after the yield point, and with the increase of m, the post-peak softening characteristic of joints becomes more obvious, that is, the stress drop from peak shear stress τp to residual shear stress τr occurs more rapidly.

The variation trend of model parameters under different normal stress and seepage pressure is extracted, as illustrated in Figures 10, 11. The results show that seepage pressure and normal stress have the opposite effect on model parameters. With the increase of normal stress, both m and u0 decrease, while with the increase of seepage pressure, both m and u0 increase.


[image: Figure 10]
FIGURE 10. The relationship between normal stress and model parameters m and u0. (A) H joint (B) M joint (C) L joint.



[image: Figure 11]
FIGURE 11. The relationship between seepage pressure and model parameters m and u0. (A) H joint (B) M joint (C) L joint.




Gray Relational Analysis

The qualitative research in section Parametric Analysis has found that the Weibull distribution parameters m and u0 have different influence mechanisms on the peak shear stress τp. In order to further quantitatively explore the influence degree of m and u0 on the peak shear stress, the gray relational analysis is introduced. For the analysis of the relationship between objects with incomplete information of behavior mechanism, scarce behavior data and unclear inherent connotation, the gray relational analysis (Deng, 1982), as a mathematical method, can accurately find out the relevancy between influencing factors (comparative sequences) and system characteristic factors (reference sequence).

In this paper, the correlation between the model parameters m and u0 and the peak shear stress τp is calculated by using the gray correlation analysis method, and the main influencing factors are sought by comparing the correlation degree. The gray relational analysis steps are as follows (Ning et al., 2019):

(1) Build the original data matrix

The peak shear stress τp of 27 groups of test data (Table 2) was selected as the reference sequence, and the two parameters m and u0 were analyzed as the comparative sequences. The original data matrix [X] can be derived as:

[image: image]

In the above matrix, the first column of the original data matrix is the peak shear stress corresponding to each test, the second and third columns are the corresponding parameters m and u0, where xij (i = 1,2, … 27; j = 0,1) represents the corresponding data of the i-th test on the j-th factor.

(2) Construction of the initial value matrix

In order to eliminate the influence of dimension and transform the original data into relative values around 1, this paper adopts the method of initial value processing according to the following equation:

[image: image]

The relevant data are substituted into Equation 22 to obtain the initial value matrix as shown below:

[image: image]

(3) Construction of the absolute difference matrix

The absolute difference matrix[Δ] is formed by the following equation:

[image: image]

where [image: image].

The relevant data in this study are substituted into the corresponding absolute difference matrix:

[image: image]

(4) Construction of the gray relational coefficient matrix

In the absolute difference matrix [Δ], the maximum Δmax and minimum difference Δmin can be defined as:

[image: image]

According to Equation 27, the gray relational coefficient matrix [ϑ] is expressed as:

[image: image]

where [image: image], and ω is the distinguishing coefficient within the range of [0,1], normally being 0.5.

[image: image] can be easily obtained from Equation 21, and the gray relational coefficient matrix [ϑ] can be obtained by substituting [image: image], ω = 0.5 and related data into Equation 27:

[image: image]

(5) Calculation of the gray relational coefficient

The gray relational coefficient γ reflects the effect degree of the influencing factors (comparative sequences) on the system characteristic factors (reference sequence). The gray relational coefficient γj can be expressed as Equation 29:

[image: image]

It can be calculated that the gray relational coefficient of m (γ1 = 0.3560) is greater than the gray relational coefficient of u0 (γ2 = 0.3471), that is, the relation between m and the peak shear stress is closer than that between u0 and peak shear stress.




CONCLUSION

The prediction of shear deformation of rock joints in the percolation environment is a vital component in geotechnical engineering. In this study, a new method for estimating the shear constitutive model of rock joints subject to high seepage pressure is presented in detail. This method is originated from the new joints constitutive model proposed by Lin et al. (2019b). The modeling results are validated and compared with the experimental results. And the effects of Weibull distribution parameters m and u0 on the constitutive relationship and their response to normal stress and seepage pressure were also detailedly lucubrated as well. The following key conclusions can be drawn:

(1) The joint shear stress-shear displacement curve in the percolation environment can be divided into four stages: elastic deformation stage, yield stage, post-peak deformation stage, residual deformation stage. Based on the damage statistics theory and the relationship between model parameters and seepage pressure, a statistical damage constitutive model considering seepage pressure was proposed.

(2) The model proposed in this study can accurately predict the whole shear process of rock joints under different seepage pressure. In addition, the physical meaning of the model parameters is clear and sufficient. All the model parameters can be directly determined from the laboratory direct shear tests, indicating the convenience of the model in the modeling process.

(3) The mechanism of influence of normal stress and seepage pressure on Weibull parameters m and u0 is different. As the normal stress increases, both Weibull parameters m and u0 decrease, and as the seepage pressure increases, both Weibull distribution parameters m and u0 increase. The Weibull distribution parameters m and u0 decrease has different influence mechanisms on the peak shear stress. Gray relational analysis reveals that the effect of m on the peak shear stress is greater than the effect of u0.
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ABBREVIATIONS

A0, Normalized area corresponding to the apparent dip angle θmax = 0; C, Roughness parameter characterizing the distribution of apparent dip angles over the joint surface; E, Young's modulus (GPa); JCS, Joint wall compressive strength (MPa); JMC, Joint match coefficients; JRC, Joint roughness coefficient; L0, Laboratory-scale joint sample length (m); Ln, Field-scale joint sample length (m); N, Sample number; Pw, Seepage pressure (MPa); a, Dimensionless parameter; b, Dimensionless parameter; c, Cohesive force; [image: image], Average estimation error; ks, Shear stiffness (MPa/mm); m, Weibull distribution parameter; n, Number of test groups; u, Shear displacement (mm); u0, Weibull distribution parameter; up, Peak shear displacement (mm); ur, Residual shear displacement (mm); uy, Yield shear displacement (mm); [image: image] Slope root mean square of first-order wavines; [image: image] Slope root mean square of second-order unevenness; β, seepage pressure reduction coefficient; γ, Gray relational coefficient; [Δ], Absolute difference matrix; [image: image], Maximum apparent dip angle in the shear direction (°); [ϑ], Gray relational coefficient matrix; v, Poisson's ratio; ρ, Density (g/cm3); σc, Uniaxial compressive strength (MPa); σn, Normal stress (MPa); σt, Tensile strength (MPa); τ, Shear strength (MPa); τp, Peak shear stress (MPa); τpeak,exp, Experimental peak shear stress (MPa); τpeak,est, Estimated peak shear stress (MPa); τr, Residual shear stress (MPa); τy, Yield shear stress (MPa); φ, Internal friction angle (°); φb, Basic friction angle(°); φp, Peak dilatancy angle(°); φr, Residual friction angle(°); [X], Original data matrix; ω, Distinguishing coefficient.
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Microbial induced calcite precipitation (MICP) has shown great potential to reduce the permeability of fractured rock, but its permeability reduction characteristic, affected by cementing solution concentration and geometric morphology of fractured rock, has not been presented. In this paper, a self-designed device for experimental MICP grouting and seepage performance was used to study the effects of factors including urea and calcium chloride concentration, fracture roughness and aperture on the permeability reduction of MICP on fractured rock. During the experiment, the same total volume of cement solution was injected into each sample with the same injection times. Based on the experimental results, the Darcy permeability coefficient of MICP grouted fractured rock was reduced to 3–5 × 10–5 m/s by four orders of magnitude smaller than that of non-grouted fractured rock. An increase in fracture roughness, urea and calcium chloride concentrations, as well as a decrease of fracture aperture, caused the MICP grouting ratio in fractured rocks to decrease, as well as a decrease of the Darcy permeability coefficient. In addition, the permeability reduction of MICP on fractured rock increased with the decrement of the above four factors. The permeability coefficient of grouted fractured rock and the permeability reduction of MICP were excessively sensitive to urea concentration. Furthermore, the permeability reduction was fitted well by power function. The research results could provide important guidance and reference significance for MICP grouting application in rock engineering.
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INTRODUCTION

Microbial induced calcite precipitation (MICP) grouting is a novel bio-grouting technology, and is applied in pollutants fixation, reparation of cracks in rock relics, and sealing improvement on underground oil depots and gas reservoirs (Whiffin et al., 2007; Fujita et al., 2008; Ivanov and Chu, 2008; Cunningham et al., 2009, 2011; Dupraz et al., 2009; Mitchell et al., 2009, 2010; De Muynck et al., 2011; Meyer et al., 2011; Chu et al., 2012; Phillips et al., 2013; Zhao et al., 2017a; Peng et al., 2019c, 2020a,d). This technique exhibited some advantages with low grouting pressure, low viscosity, and environmental friendliness, compared with cement-based material grouting and polymer chemical grouting (Lian et al., 2006; Whiffin et al., 2007; Ivanov and Chu, 2008; Mitchell et al., 2013; Phillips et al., 2013; Liu et al., 2019).

The mechanism of MICP grouting was shown as;

[image: image]

The induced-precipitated carbonate calcium cemented and filled the rock fracture, then effectively improved the permeability characteristics of fractured rock (Dejong et al., 2006; De Muynck et al., 2008, 2010; Ivanov and Chu, 2008; Okwadha and Li, 2010; Van Paassen et al., 2010; Cunningham et al., 2014; Zhao et al., 2017b, c, 2019; Peng et al., 2019a,b,c, 2020b,c). For example, the MICP grouting induced the conductivity and permeability reduction of fractured rock surrounding the injection within 3 m by 35 and 99% respectively (Cuthbert et al., 2013). And it also resulted in the seepage velocity reduction of in-suit fractured rock by 25% and the permeability reduction of artificial fractured rock sample up to 80% (Phillips et al., 2016).

The permeability reduction of MICP in fractured rock was affected by grouting rate, grouting times, grouting ratio and fracture aperture, water flowing velocity of the rock. A low grouting rate and multiple-times grouting decreased the permeability coefficient by three orders of magnitude. A fracture aperture of less than 0.7 mm grouted by MICP transformed from Darcy seepage to Non-Darcy (Wu et al., 2019). And the calcium carbonate induced by MICP mainly precipitated in a low flowing velocity zone of the rock fracture, but almost not at all in a high flowing velocity zone (Wu et al., 2018). So the low water flowing velocity benefited the permeability reduction of MICP in fractured rock. Although the concentration of bacterial solution and the geometric morphology of structure plane also theoretically affected the permeability reduction of MICP for fractured rock, these effects were not reported at present.

For this purpose, the effects of fracture aperture, fracture roughness, urea concentration and calcium concentration were experimented on the grouting ratio, permeability coefficient and permeability reduction of MICP grouting in fractured rock. The microstructure and distribution of calcite precipitation on the rock fracture surface were also investigated. Thus the mechanism of permeability reduction of MICP for fractured rock would be presented. These research results could provide a reference in the rock engineering application of MICP.



EXPERIMENTAL MATERIALS AND METHODS


Experimental Solution and Sample

The microbial grouting solution was composed of Sporosarcina pasteurii bacteria solution and microbial cementing solution. The S. pasteurii was chosen due to its non-pathogenic microorganism with strong survivability such as acid and alkali, high salinity, etc. The S. pasteurii strain was inoculated by 5% in a liquid medium and then cultured in a constant temperature shaker at 170 rpm and 30°C for 14 h up to a conductivity of 19 ± 0.5 mM/min and an OD600 of 1.8 ± 0.2. Thus the S. pasteurii bacteria solution was presented. And the liquid cultured medium with was mixed with 1000 ml deionized water, 15.0 g casein peptone, 5.0 g soy peptone, 5.0 g sodium chloride, and 20.0 g urea and was adjusted by NaOH solution up to pH7.3. The microbial cementing solution was a mixed solution of urea and calcium chloride.

The red sandstone samples containing little or no calcium were chosen to decrease the effect of calcium ions in rock on the MICP. Sixteen standard cylindrical red sandstone samples with 50 mm diameter and 100 mm height were split by a Brazilian split-cylinder test. Each split sample was then glued by glue adhesive with a high precise plexiglass pad with a width range from 1.0 to 2.5 mm provided by a laser cutting technique. Thus the single fracture rock samples with apertures of 1.0, 1.5, 2.0, and 2.5 mm were fabricated. Before gluing, the scanned 3D images of fracture surfaces of each sample were gotten by a 3D laser scanner (model LSH400). And based on these 3D images, the absolute average roughness of each sample was calculated by MATLAB software. The fracture roughness and splitting strength of samples were tabulated in Table 1. In Table 1 the fluctuation between the maximum and minimum roughness among samples 1–1 to 1–12 was only 0.023 mm, so the roughness of samples 1–1 to 1–12 are considered the same in this paper. The MICP grouted single fracture rock sample is shown in Figure 1.


TABLE 1. Experimental cases and parameters of fractured rocks.
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FIGURE 1. Fractured rock samples grouted by MICP.




Experimental Setup

Figure 2 plots the setup of MICP grouting for the fractured rock and seepage experiment. This setup was composed of an MICP grouting device and a seepage experimental device. In Figure 2A, the grouting device had two screwed steel columns connecting to a fixing steel plate on the bottom of the fractured rock sample and a moveable one on the top. The rubber grouting pipes with a diameter of 0.3 mm were connected to the sample and the microbial grouting solution by a peristaltic pump. In Figure 2B, the plexiglass tube with an inner radius of 26 mm and wall thickness of 3 mm was fixed on the 15 mm thick plywood plate, and had two holes at the height of 200, 500 mm to keep water head constant. The fractured rock grouted by MICP was connected to the plexiglass tube bottom by a heat shrinkable with a diameter of 55 mm to prevent leakages after the occurrence of fractured rock seepage. A beaker was positioned under the sample bottom to collect the seepage effluent.


[image: image]

FIGURE 2. Schematic diagram of experimental setup. (A) MICP grouting device. (B) Seepage experimental device.




Experimental Processes

The MICP permeability reduction experiment of single fracture rock was designed to investigate the effect of microbial cementing concentration and fracture geometric morphology. The experimental cases are given in Table 1.

Firstly, the single fracture rocks were immersed and saturated for 48 h, and then their permeability coefficients without MICP grouting were tested with the constant-water head of 200 mm using the seepage experiment device shown in Figure 1B. The seepage time and seepage volume were recorded by an electronic balance with the sampling frequency of 1 Hz after the seepage was initiated.

Secondly the samples without MICP grouting were dried in a drying box at 70°C for 24 h and then weighed with the electronic balance. Then each dried fractured sample was grouted with 100 ml bacterial solution and 100 ml microbial cementing solution from the top of sample fracture to the bottom by the peristaltic pump in 8 doses of 12.5 ml each. And the grouting rate was chosen to be 0.003 mL/s. This is because a too low grouting rate induced easy accumulation of the calcium carbonate precipitation in the grouting port, and hindering the uniform distribution of precipitation on the fracture surface, and a too high grouting rate easily washed away the precipitation. The urea and calcium chloride concentrations of cementing solution were shown in Table 1.

After MICP grouting, the fractured samples were placed in a drying box at 70°C for 24 h, and weighed again. The MICP (η) grouting ratio of each fractured rock was calculated by,
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where m0 and m1 is the dry sample mass before and after MICP grouting (g) respectively, and ω is the fracture aperture of the sample (mm). As seen in Table 1; ρ is the density of calcium carbonate with a value of 2.71 g/cm (Wu et al., 2018); V and A is the volume and the area of longitudinal section of the sample respectively; D and L is the sample diameter and height with a value of 50 and 100 mm, respectively.

Next the dried bio-grouting fractured rock samples were rested at room temperature for 2 days to harden the precipitation of calcium carbonate on the fracture surface of the sample, and successively were immersed and saturated for 48 h. Then the permeability coefficients of single fracture rock samples with MICP grouting were performed with the constant-head of 500 mm by the seepage experiment shown in Figure 2B.

Finally about 10 g precipitation was obtained from the bio-grouting fractured rock, and was prepared for scanning electron microscope (SEM). The microscopic morphologies of the precipitation were scanned by SEM with an energy dispersive spectrometer (EDS) at 20 kV voltages 300 and 5000 times.



RESULTS


Permeability Coefficients

The Darcy permeability coefficient of each fractured rock sample with and without MICP grouting was calculated by:
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where K is Darcy permeability coefficient, and is denoted as Ka for the fractured rock without MICP grouting and Kb for the one with MICP grouting; Q is the flow rate(m3/s); μ is the dynamic viscosity of water (Pa⋅S) with value of 1.005 × 10–3 PaS at 20°C; ΔP is the pressure difference between the two ends of the sample. ΔP is equal to 2 kPa before grouting and is equal to 5 kPa after grouting.

Table 2 shows the Darcy permeability coefficients of the single fracture samples with and without MICP grouting. Table 2 indicated that the permeability coefficients of single fracture rocks after MICP grouting ranged from 0.3040 × 10–4 m/s to 0.4693 × 10–4 m/s, and the ones before MICP grouting from 0.1536 m/s to 0.4342 m/s. The permeability reduction of MICP denoted as Kb/Ka was up to 4 orders of magnitude. Similarly, Cuthbert et al. (2013), Phillips et al. (2016), Tobler et al. (2012), and Wu et al. (2019) experimentally presented that the permeability reduction was approximately 2–4 orders of magnitude. Therefore it would be inferred that the permeability coefficient of fractured rock was reduced significantly by MICP grouting.


TABLE 2. Permeability coefficients of fractured rocks.
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Grouting Ratio

Figure 3 shows the MICP grouting ratio in fractured rock. Figure 3A,B indicate that the grouting ratio of MICP increased with increasing urea concentration and calcium chloride concentration, but slightly reduced under the condition of calcium chloride concentration larger than 0.9 mol/L. The reason was that the urease activity was promoted by the increasing of urea concentration, but was inhibited by the calcium chloride concentration larger than 0.9 mol/L (Qian et al., 2009).


[image: image]

FIGURE 3. Grouting ratio of MICP in fractured rock. (A) Urea concentration, (B) calcium chloride concentration, (C) fracture aperture, and (D) fracture roughness.


It was observed in Figure 3C that the grouting ratio of MICP decreased from 37.56 to 22.35%, when the fracture aperture increased from 1.0 to 2.5 mm. The dominant reason was the increasing fracture volume of cases 1–9, 1–10, 1–11, and 1–12. Figure 3D also denotes that the MICP grouting ratio increased from 27.06 to 33.55% when fracture roughness increased from 0.414 to 0.873 mm. This was probably because the increase of fracture roughness reduced the flow velocity in fracture for the cases of 1–13, 1–14, 1–15, and 1–16. El Mountassir et al. (2014) suggested that low flow velocity was conducive to the precipitation of calcium carbonate in fracture. So the MICP grouting ratio increased because the increasing fracture roughness increased the production of precipitation on fracture surface.



Permeability Kb

Figure 4 shows the permeability coefficient Kb of fractured samples grouted by MICP. As shown in Figures 4A,B, the Kb decreased with the increasing of urea concentration and calcium chloride concentration. Increasing concentration of urea concentration and calcium chloride concentration brought out more calcite precipitation based on Eq. (1). And the increasing precipitation blocked more seepage channels in the fracture when the volume of the fracture was constant for cases 1–1 to 1–8 listed in Table 1. Hence it was deduced that the permeability coefficient decreased with the increasing cementing solution concentration. Moreover, increasing urea concentration promoted bacterial urease activity. And Figure 4B also shows that the Kb remained constant when the urea concentration was more than 0.9 mol/L. This agreed with the research results from Nemati and Voordouw (2003).
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FIGURE 4. Permeability coefficient of bio-grouted fractured rock. (A) Urea concentration, (B) calcium chloride concentration, (C) fracture aperture, and (D) fracture roughness.


Figure 4C suggested that the permeability coefficient increased with the increasing of the fracture aperture with a range from 1.0 to 1.5 mm, and decreased with the fracture aperture from 1.5 to 2.5 mm. And the similar characteristic of the fracture rock grouted by mortar was reported by Wu et al. (2018, 2019). When the fracture aperture changed, the change of permeability coefficient was obvious. It might be due to the distribution of calcium carbonate precipitation on the fracture with a different aperture. And the non-uniform distribution of calcium carbonate precipitation was detected on the fracture surface of each sample (Stoner et al., 2005; El Mountassir et al., 2014; Minto et al., 2016). What’s more, the effect of gravity also affected the permeability characteristics of permeable fractured rock. Under the action of gravity, the MICP precipitation was mostly distributed in the lower part of the sample. To summarize, the effect of the fracture aperture on the permeability coefficient of fractured rock grouted by MICP was complicated and needed more intensive study.

It can be clearly seen from Figure 4D that the larger the fracture roughness, the smaller the permeability coefficient of fractured rock. The existence of fracture roughness formed the low flow velocity zone near to the downstream face of the convex part of the fracture, and the increasing of fracture roughness would form more low flow velocity zones. The low flow velocity zones also facilitated the attachment of calcite precipitation in fracture (El Mountassir et al., 2014). The increasing of attached calcite precipitation would also block the seepage channels in fracture, thus the permeability coefficient of fractured rock grouted by MICP is reduced with increasing fracture roughness.



Permeability Reduction

Figure 5 plotted the permeability reduction of MICP on fractured rock. The smaller the Kb/Ka, the better the permeability reduction. With the increasing of urea concentration, calcium chloride concentration, fracture aperture and roughness, the Kb/Ka decreased, i.e., the permeability reduction strengthened in Figure 5. When the fracture aperture and roughness were generally kept the same, the increase of urea concentration and calcium chloride concentration caused the reduction of the permeability coefficient of MICP-grouted fractured rock (Kb) and the invariability of Ka, hence Kb/Ka diminished. When the concentration of urea and calcium chloride was kept constant, the increasing of fracture roughness obviously reduced Kb and slightly changed Ka listed in Table 2, thus Kb/Ka decreased. When the concentration of urea and calcium chloride, and fracture roughness was kept constant, an increase in fracture aperture induced less increment of Kb than the one of Ka, thus Kb/Ka reduced as well.
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FIGURE 5. Permeability reduction of MICP on fractured rock. (A) Urea concentration, (B) calcium chloride concentration, (C) fracture aperture, and (D) fracture roughness.




Morphology Analysis of Precipitation

Figure 6 plots the distribution of calcium carbonate on the fracture surface of samples after the seepage experiment. Figure 6 revealed some white precipitations on the fracture surfaces, which were varied with fracture aperture and roughness. Its SEM characteristic at 300 and 5000 magnifications and X-ray energy spectrum are plotted in Figure 7. KCnt in Figure 7C represents the detected signal strength. Figure 7 indicates that the particles of precipitation were smooth spheres bonding to each other to form particle clusters and the main component of precipitation was calcium carbonate. These bonding particles might transform the seepage in fractured rock from fracture seepage to uniform pore seepage, which was not easily washed away under the action of hydraulic gradients.
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FIGURE 6. Distribution of calcium carbonate on fracture surface. (A) Fracture aperture. (B) Fracture roughness.
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FIGURE 7. The SEM characteristic and X-ray EDS of precipitation. (A) 300 times. (B) 5000 times. (C) Result of X-ray EDS.


Figure 6A demonstrated that the upper part of fracture had more calcium carbonate deposition than the middle part. This showed that a slight clogging happened at the grouting rate of 0.003 ml/L and gravity. The similar clogging was founded by Stoner et al. (2005), El Mountassir et al. (2014), and Minto et al. (2016). Increasing grouting rate might be a feasible option to diminish the clogging in fractured rock.

Figures 6A,B plotted the possible seepage channels on 1.5 mm and 2.0 mm fracture surfaces while Figures 6C,D did not do. It would be deduced that the fractured rock simultaneously generated the fracture seepage and uniform pore seepage in the fracture grouted by MICP.



DISCUSSION

Wu et al. (2019) found that the MICP grouting ratio in the fracture was between 53 and 70%, and Tobler et al. (2016) obtained a range from 30 to 41%, while this paper provided that the one was between 23 and 37%. The reason might be that the difference in the grouting rate and times, as the fracture aperture and roughness caused the variation of the grouting ratio.

Increasing the grouting ratio caused the decreasing of permeability coefficient presented by Wu et al. (2018). In this paper the grouting ratio increased with the increasing of the cementing solution concentration figured in Figures 3A,B, when the fracture aperture and roughness did not vary. Therefore the permeability coefficient decreased due to the increasing cementing solution concentration presented in Figures 4A,B. And in this paper the grouting ratio also increased with the increasing of the fracture roughness shown in Figure 3D when the cementing solution concentration did not change. So the permeability coefficient decreased with increase of fracture roughness shown in Figure 4D. In Figure 3C, the MICP grouting ratio of fractured rock increased with the decreasing of fracture aperture is shown.

The cubic law of flow in single fracture is amended by Walsh (1981) as
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where C is a constant; θ is an empirical constant. λ is the area contact rate of percipitated calcium carbonate in the fracture and bmax is the maxium apeture of the fracture.

The permeabilty coefficient is linear to the ratio of Q and ΔP according to Eq. 1. Based on Eq. 4, the permeabilty coefficient increased, i.e., when λ decreased. λ increased due to the deposition of calcium carbonate in the fractured rock after MICP grouting, but might be weakened by the increasing of the fracture aperture. Hence the permeability reduction of MICP on fractured rock decreased with the increasing of the fracture aperture, as shown in Figure 5.

The effect of fracture aperture from 1.0 to 2.5 mm and roughness from 0.4 to 0.9 mm were discussed in this paper, while the effect of fracture aperture larger than 2.5 mm and roughness larger than 0.873 mm need further research.

Figure 8 plots the sensitivity of the permeability coefficient of samples grouted by MICP. The sensitivities in Figure 8 were obtained from the slope of curves in Figure 4. It can be found from Figure 8 that the permeability coefficient was the most sensitive to urea concentration among the four factors in this paper. Therefore it was concluded that the increasing of urea concentration should be firstly selected to reduce the permeability coefficient of fractured rock besides multiple-times grouting.
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FIGURE 8. Sensitivity of permeability coefficient of sample grouted by MICP.


Figure 9 plots the sensitivity of permeability reduction of MICP in fractured rock. The sensitivities in Figure 9 were obtained from the slope of curves in Figure 5. Figure 9 indicated that the permeability reduction was more sensitive to urea concentration, fracture roughness and calcium chloride concentration than fracture aperture. Therefore it was concluded that the MICP grouting was suitable for fractured rock with different apertures.


[image: image]

FIGURE 9. Permeability reduction of MICP on fractured rock.


Considering urea concentration, calcium chloride concentration, fracture aperture and fracture roughness as independent variables, Kb/Ka was fitted by power function using the least square method. Then we could get:

[image: image]

where x1, x2, x3, and x4 is urea concentration, calcium chloride concentration, fracture aperture and fracture roughness respectively.

From Eq. 5, the permeability reduction was well fitted by power function of concentration, calcium chloride concentration, fracture aperture and fracture roughness with a correlation coefficient of 0.832.

It should be pointed out that this research was mainly based on laboratory experiments, and no in-depth analysis was made in terms of the injection rate. Although the MICP grouting technology significantly reduced the permeability of fractured rock sample, the permeability coefficient of MICP grouted fractured rock was still larger than 5 × 10–7 m/s approximately corresponding to 5 Lu that was the critical value of anti-seepage grouting standards for fractured rock in tunnels, subways, and dams.



CONCLUSION

In this paper, the MICP grouting fractured rock seepage experiment was performed to study the effects of MICP on permeability characteristics of single fracture rock considering fracture geometric morphology and microbial cementing solution concentration. The conclusions are as follows:

(1) MICP grouting reduced the Darcy permeability coefficient of fractured rock to 3–5 × 10–5 m/s by four orders of magnitude compared with that of non-grouted fractured rock.

(2) The MICP grouting ratio of fractured rock increased when increasing the fracture roughness, urea and calcium chloride concentrations and decreasing of fracture aperture.

(3) The Darcy permeability coefficient of fractured rock grouted by MICP increased with the decreasing of fracture roughness, urea and calcium chloride concentrations and increasing of fracture aperture, and was the most sensitive to urea concentration.

(4) The permeability reduction of MICP on fractured rock increased with the decreasing of fracture roughness, urea and calcium chloride concentrations and with the increasing of the fracture aperture, and was well fitted by power function.
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Using the cyclic loading and unloading method, rheological tests of intact sandstones and composite sandstones containing a weak interlayer (WI) with inclination angles 15°, 30°, 45°, and 60° under different axial loading were carried out. The decay creep time, steady-state creep strain rate, instantaneous strain, viscoelastic strain, viscoplastic strain, and failure modes of sandstones and composite sandstones were studied. The influence law of stress level and WI inclination angle on the rheological properties of the rock was studied. Results indicated the following. 1) The rheological failure strength of sandstone is 72–96% of uniaxial compressive strength. 2) Whether it is intact sandstone or composite sandstone, the decay creep time at the first stress level is longer than that of other stress levels. The steady-state creep strain rate of specimens is gradually increasing from the first stress level to the last stress level. 3) At the first stress level, the proportion of creep strain to total strain is 25.3–60.5%. Moreover, under the same axial stress level, the instantaneous strain and total strain of the rock containing WI are larger than those of intact rock. 4) With the increase of stress, the viscoplastic strain of the intact specimen decreases at low stress levels and increases at high stress levels. In addition, with the increase of the WI inclination angle, the instantaneous elastic strain and instantaneous plastic strain will increase. 5) The rheological failure mode of specimens changes from split tensile failure to shear failure along the interface of WI; the larger the WI inclination angle, the more obvious the shear failure.
Keywords: weak interlayer, uniaxial compression creep test, sandstone, rock mechanics, grading loading and unloading
INTRODUCTION
The rheological mechanical properties of rocks have always been an important topic in rock mechanics, and it is closely related to the long-term stability of underground engineering. The deformation of rock mass after rock excavation, found by engineers, was not instantaneous but time-dependent. The experimental study of rheological mechanics of rock can be traced back to the 1930s; Griggs (1939) studied limestone, shale, and sandstone in 1939 and found that rheologic deformation occurs when the load reaches 12.5–80% of the failure load. When the rock mass was temporarily in a stable state, deformation and failure could still occur under the long-term load. It is found that during the process of rock mass deformation, the deformation of rock mass either tended to be stable or accelerated until failure (Griggs, 1939; Zhou et al., 2017a; Wang et al., 2020). The phenomenon that the rock mass deformation changes with time is called rheological deformation. In recent years, many scholars have studied the rheological mechanical properties of rocks (Maranini and Brignoli, 1999; Li and Xia, 2000; Ślizowski and Lankof, 2003; Zhou, 2005; Fabre and Pellet, 2006; Yang and Jiang, 2010; Zhao et al., 2016; Zhao et al., 2018; Lin et al., 2019; Wu et al., 2019a; Zhao et al., 2019c).
A weak interlayer (WI) refers to a rock’s relatively thin layer in which the lithology is weaker than that of the adjacent rock formation. The characteristics of strength, deformation, and failure of rock masses with weak interlayer often have significant time dependence directly influencing engineering design, construction, operation, stability, and reinforcement. It is of great theoretical significance and engineering value to study the influence of WI on the rheological characteristics of rock. To date, many researchers (Li et al., 2007; Jiang et al., 2009; Xu et al., 2009; Xiong and Yang 2010; Li A. et al., 2014; Li Y. et al., 2014; Triantafyllidis and Gerolymatou, 2014; Yang et al., 2014; Zhao et al., 2017a; Zhao et al., 2017b; Zhou et al., 2017; Ma et al., 2018; Zhou and Bi, 2018; Wang Y. X. et al., 2018; Wang C. et al., 2019; Hu et al., 2019; Wu et al., 2019b; Wang et al., 2020) have studied the mechanical properties of weak intercalated rock mass under uniaxial compression. Xu et al. (2009) studied the effects of simulated WI on the mechanical properties of layered rock salt in the laboratory and obtained the correlation between the mechanical properties of layered salt rock mass and the characteristics of the WI. Ma et al. (2018) conducted uniaxial and triaxial compression tests on mudstone specimens of layered features produced indoors, and the strength and deformation characteristics of the specimens were analyzed. Jiang et al. (2009) and Xiong and Yang (2010) established the viscoelastic-plastic rheological constitutive model and the viscoelastic rheological constitutive model for interbedded rock masses based on FLAC3D numerical simulation software, respectively. The results showed that the factors such as interlayer length, interlayer spacing, and interlayer thickness have great influence on the elastoplastic deformation and rheological deformation of rock. Li A. et al. (2014) used the FLAC3D numerical simulation software to analyze the fracture process of soft and hard interlayer composite rock mass under uniaxial compression stress as a function of the inclination angle of the layer. For layered rock masses, many uniaxial compression tests and analyses have been done (Xu et al., 2009; Triantafyllidis and Gerolymatou, 2014; Zhou and Yang, 2017; Zhou et al., 2017; Ma et al., 2018). However, fewer studies on rheological mechanical properties have been done (Li et al., 2007; Zhou et al., 2008; Yang et al., 2014; Zhao et al., 2017b; Hu et al., 2019; Zhao et al., 2020), and the creep characteristics of rock containing WI under multilevel loading and unloading cycles have barely been studied.
In this study, according to the literature (Fan and Gao 2005; Tsai et al., 2008; Zhao et al., 2017c; Wang C. L. et al., 2018; Wang R. H. et al., 2018; Zheng et al., 2018; Zhao et al., 2019a; Zhao et al., 2019b; Zhou et al., 2019; Zhou et al., 2020), using the cyclic loading and unloading method, the uniaxial compression rheological test under cyclic loading and unloading conditions was carried out on the intact rock and rock containing WI. The influence law of stress level and WI inclination angle on the rheological characteristics of the rock was studied. In addition, the failure modes of sandstones and composite sandstones were studied.
EXPERIMENTS
Specimen Preparation
The experimental rock blocks (sandstone) were taken from an underground roadway construction site at the Meitanba Coal Mining Area located in southern China. The test rock sample is cyan sandstone, mainly composed of quartz and calcite, with relatively stable properties, uniform lithology, fine-grained structure, and no macroscopic visible joints and cracks. The AiniMR-60 nuclear magnetic resonance analyzer was used to test the porosity of the cyan sandstone specimens, and the average porosity of the cyan sandstone specimens was 4.26%. According to the method introduced in Kohlhauser and Hellmich (2013) and Karte et al. (2015), the primary velocity of the sample measured by the wave velocity tester is [image: image], and the secondary velocity is [image: image]. The rock blocks were cut into 50 × 100 mm cylinder standard specimens in the laboratory [based on the recommendations of the International Society of Rock Mechanics on the dimensions of the test specimens (ASTM D2938, 2002)].
Twenty-eight specimens in total have been used in this study. Eight intact sandstone specimens No. 1–No. 8 were used for the conventional triaxial compression test with confining pressures of 6, 12, 18, and 24 MPa, respectively. Ten specimens (two intact sandstone specimens numbered S0-1 and S0-2, respectively, and eight composite sandstone specimens numbered S1-1, S1-2, S2-1, S2-2, S3-1, S3-2, S4-1, and S4-2, respectively) were used for the conventional uniaxial compression test. Ten specimens (two intact sandstone specimens numbered S0-3 and S0-4, respectively, and eight composite sandstone specimens numbered S1-3, S1-4, S2-3, S2-4, S3-3, S3-4, S4-3, and S4-4, respectively) were prepared to perform the uniaxial compression creep test. The composite sandstone specimens, containing WI with inclination angles 15°, 30°, 45°, and 60°, respectively, were prepared as follows:
(i) Rock blocks cutting: eight intact sandstone specimens were cut into two rock blocks with the cutting inclination angles 15°, 30°, 45°, and 60°, respectively (two intact sandstone specimens were cut for each inclination angle, respectively). The cutting position is shown in Figure 1. The surface of the cutting surface was smoothed by a polishing machine to ensure that the composite sandstone specimen with its WI had the same length as the intact sandstone specimen.
(ii) Cement mortar making: the WIs were prepared using cement mortar composed of C42.5 ordinary Portland cement, sand, and water at a mass ratio of 1:2:0.8.
(iii) Molding and shaping: the rock blocks were placed into PVC pipe mold. Then, using reference lines, the two rock blocks were moved to ensure that the gap had a 4 mm thickness (see Figure 2).
(iv) WI making: to prevent the rock blocks from moving in the mold, the two ends of the mold were fastened with transparent tape; the cement mortar was poured into the 4 mm gap between the two rock blocks in the mold, and the cement mortar was compacted by a wire to keep the surface of the composite sandstones containing a WI smooth. The WI thickness was 4 mm.
(v) Demoulding and maintenance: the sample was removed from the mold after 24 h of curing. The specimens were then held for 28 days in a curing room (at 20°C, 95% relative humidity, and an atmospheric pressure). Examples of prepared specimens are shown in Figure 3.
[image: Figure 1]FIGURE 1 | (A) Diagram of rock interlayer structure. (B) Diagram of rock interlayer thickness.
[image: Figure 2]FIGURE 2 | Molding and shaping.
[image: Figure 3]FIGURE 3 | The prepared specimens (a part of) used in the conventional uniaxial and triaxial compression test and creep test.
Testing Equipment
The conventional triaxial compression tests were performed using a servo-hydraulic Rock Mechanics Testing System (MTS 815) with axial loading in the range of 0–4,600 kN and confining pressure in the range of 0–200 MPa. The triaxial testing system (see Figure 4A) consists of four main units: triaxial cell, loading unit, deformation and pressure monitoring unit, and computerized data acquisition unit. The axial deformation of the specimen was measured with a pair of linear variable displacement transducers (LVDTs), and the circumferential deformation was measured with a circumferential extensometer connected to a roller chain assembly wrapped around the jacketed specimen. The conventional uniaxial compression tests and creep tests were performed using the MTS 815 uniaxial testing system. The uniaxial testing system (see Figure 4B) is mainly composed of an axial loading system, a compression loading frame, and a data acquisition system.
[image: Figure 4]FIGURE 4 | MTS 815 rock test machine: (A) triaxial testing system and (B) uniaxial testing system.
Experiment Method
Before the multilevel cyclic loading and unloading tests, the conventional uniaxial compression tests are first performed to obtain mechanical parameters of the specimens. The average uniaxial compression strengths of these specimens are listed in Table 1, which provides the references for subsequent cyclic tests.
TABLE 1 | Rock mechanics parameters of specimens under uniaxial compression test.
[image: Table 1]According to the average uniaxial compression strengths of these specimens, nine axial stress levels were used in the multilevel cyclic loading and unloading tests, with the first about the average uniaxial compressive strength of the specimens containing WI inclination angle of 60° and the last about 90% of the average uniaxial compressive strength of the intact specimens. The specific nine axial stress levels were 8, 11, 14, 20, 30, 45, 57, 64, and 72 MPa. Also, the rheological stress levels of the specimen are shown in Table 2.
TABLE 2 | Rheological loading stress level statistics of specimens.
[image: Table 2]The duration for each stress level (or each stage) was 36 h for the loading period and about 12 h for the unloading period, except for the ninth level which had no unloading period. During the loading period, the axial load increased monotonically at a rate of 0.05 MPa/s to achieve the targeted axial stress level and then remained constant. During the unloading period, the axial load decreases at a rate of 0.05 MPa/s to zero MPa and then remained 12 h. After the unloading period was completed, the next stage was started following the same sequence. The stress loading and unloading diagram is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Multilevel loading and unloading cycles used in the creep test.
Viscoelastic-Plastic Strain Separation Method
In order to gain insight into the creep properties of rocks containing WI, a new creep data processing algorithm is proposed according to the literature (Mishra and Verma, 2015; Irfan-ul-Hassan, et al., 2016; Königsberger, et al., 2016; Irfan-ul-Hassan, et al., 2017; Zhao et al., 2017d; Göbel, et al., 2018; Wang Y. X. et al., 2019). Specifically, the total strain is divided into instantaneous elastic strain, instantaneous plastic strain, viscoelastic strain, and viscoplastic strains. Figure 6 shows a representative strain–time curve under a loading and unloading cycle (say cycle i). The total strain consists of the instantaneous strain [image: image] and the creep strain [image: image].
[image: image]
[image: Figure 6]FIGURE 6 | Viscoelastic-plastic strain separation diagram (Zhao et al., 2017b).
The instantaneous strain [image: image] is the measured strain when the axial load reaches the targeted stress level, and the creep strain [image: image] is the measured increase in strain with time during the stage when the load is maintained constant. The instantaneous strain [image: image] is composed of the instantaneous elastic strain [image: image] (it is equal to the strain [image: image] recovered during unloading) and the instantaneous plastic strain [image: image]:
[image: image]
The instantaneous strain [image: image] is the strain due to the loading, namely, segment GH in Figure 6. The instantaneous elastic strain [image: image] is the recovery of strain due to unloading, namely, segment IL in Figure 6. The instantaneous strain [image: image] induced by the loading is not completely recovered during the unloading, which means that segment IL is smaller than segment GH in Figure 6. Actually, the difference between segments GH and IL is the instantaneous plastic strain [image: image].
Similarly, the creep strain [image: image] also consists of the recoverable viscoelastic strain [image: image] and the unrecoverable viscoplastic strain [image: image]:
[image: image]
After the unloading, a part of the creep strain [image: image] recovers with time as represented by segment LM in Figure 6. The delayed recovery of strain [image: image] (segment LM in Figure 6) is the recoverable component of the creep strain [image: image] (called the viscoelastic strain [image: image]). After a long enough time, only the unrecoverable strain [image: image] (segment MN in Figure 6) remains, which consists of the unrecoverable instantaneous plastic strain [image: image] and the unrecoverable viscoplastic strain [image: image].
By assuming that the viscoelastic strain curve under loading (segment HJ′J in Figure 6) has the same shape as the delayed strain recovery curve after unloading (segment LMM′ in Figure 6) (Bai et al., 2014; Yang et al., 2015), the viscoelastic strain [image: image] at time t is equal to the delayed recovery strain [image: image] after unloading, and the viscoplastic strain [image: image] at time t can be obtained by
[image: image]
However, the viscoelastic and viscoplastic strains cannot be separated due to the accelerating creep to failure. In this study, the viscoelastic strain [image: image] and the viscoplastic strain [image: image] were only considered before the failure of the specimen.
According to the viscoelastic-plastic strain separation method described above and the reversibility of viscoelastic deformation, the data of axial elastic strain and plastic strain of specimens under different stress levels can be obtained.
RESULTS AND DISCUSSION
Conventional Uniaxial and Triaxial Compression Tests
From Table 1, one can see that the uniaxial compression strength, Poisson’s ratio, and elastic modulus of the intact rock are higher than those of the sandstones containing WI. Meanwhile, the uniaxial compression strength, Poisson’s ratio, and elastic modulus of the sandstones containing WI will decrease with the increase of inclination angle of WI. The average compressive strengths of intact sandstones and sandstones containing WI with inclination angles 15°, 30°, 45°, and 60° are 82.55, 60.89, 53.20, 27.67, and 8.37 MPa, respectively. Especially for sandstone containing WI with inclination angle 60°, the strength is weakened a lot, only 10.14% of intact rock. Poisson’s ratio of sandstone containing WI is much lower than that of intact sandstone, and Poisson’s ratio of sandstone containing WI with an inclination angle of 15° (S1-1) is 43.64% of intact sandstone. It is indicated that with the increase of inclination angle from 15° to 60° of WI, rocks are more prone to instability and damage. The conventional triaxial compression test results are used to calculate the internal friction angle and will not be analyzed in detail here.
The Effect of Weak Interlayer on Creep Curve
In this study, specimens numbered S0-4, S1-3, S2-3, S3-4, and S4-3 were selected for analysis. The maximum rheological load stress level of S0-4, S1-3, S2-3, S3-4, and S4-3 was 72, 64, 45, 20, and 8 MPa, respectively.
Because the strength of the specimen containing WI with inclination angle 60° is too low, the load of each stage was changed to 4, 6, and 8 MPa, respectively.
Figure 7 shows strain–time curves of specimens under the same stress level (A) and axial strain increment of specimens containing WI relative to intact specimen (B). For instance, under the 8 MPa stress level (see Figure 7A), the axial strain of the specimens containing WI is larger than the strain of the intact specimens, and the strain increases with the increase of the WI inclination angle.
[image: Figure 7]FIGURE 7 | (A, C, E, G, I, K) Strain–time curves of specimens under the same stress level and (B, D, F, H, J, L) axial strain increment of specimens containing WI relative to intact specimens.
One can see that the axial strain increment of specimens containing WI relative to intact specimen is more than 50% (see Figure 7B).
Figure 8 shows strain–time curves of specimens from the first to the last stress levels under multilevel loading and unloading cycles. Figure 9 shows decay creep time–stress curves of specimens from the first to last stress levels. All of the specimens have an obvious decay creep stage at the first stress level. Specimens S0-4, S1-3, and S2-3 pass the deceleration phase and directly enter the accelerated rheological phase until failure; specimens S3-4 and S4-3 pass a period of stable rheological phase after the deceleration rheological phase and then enter the acceleration phase until failure. At the moment of stress unloading, the axial strain of rock was restored immediately, and when the stress is unloaded to zero, the rock strain gradually decreases with time and viscoelastic recovery occurs. However, the rock has viscoplastic deformation, and as the stress increases, the viscoplastic deformation gradually increases.
[image: Figure 8]FIGURE 8 | Strain–time curves of specimens from the first to the last stress levels.
[image: Figure 9]FIGURE 9 | Decay creep time–stress curves of specimens from the first to the last stress levels.
The steady-state creep strain rate can reflect the rheological properties well. Figure 10 shows the steady-state creep strain rate of specimens from the first to last stress levels. The steady-state creep strain rate of all the specimens are the lowest under the first stress level. No rheological acceleration stage occurs in intact specimens before failure; however, the specimens containing WI have an obvious rheological acceleration stage. When the rock is subjected to low loads, the strain rate is quickly attenuated to zero and shows only deceleration rheology.
[image: Figure 10]FIGURE 10 | Steady-state creep strain rate of specimens from the first to the last stress levels.
The Effect of Weak Interlayer on Instantaneous Strain
The data of axial viscoelastic-plastic strain of intact and WI-containing specimens at different stress levels can be obtained by the viscoelastic-plastic strain separation method. Figure 11 shows instantaneous elastic strain, instantaneous plastic strain, and instantaneous strain curves of specimens from the first to last stress levels. Obviously, with the increase of the WI inclination angle, the instantaneous elastic strain and instantaneous plastic strain will increase. It indicates that the presence of a WI is more likely to cause rheological deformation; the bigger the WI inclination angle, the greater the rheological deformation. One can see that the curve of the stress-instantaneous strain is nearly linear, and the instantaneous elastic modulus (which can be defined as the ratio of the instantaneous stress increment to the instantaneous strain increment under each level of load) of the specimen in the stepped loading creep test showed an overall trend of increasing with the increase of stress, which shows that during the staged loading test, the ability of specimen to resist instantaneous deformation gradually increases with the increase of load, showing obvious hardening characteristics.
[image: Figure 11]FIGURE 11 | (A) Instantaneous strain, (B) instantaneous elastic strain, and (C) instantaneous plastic strain from the first to the last stress levels.
The Effect of Weak Interlayer on Viscoelastic Strain and Viscoplastic Strain
Similarly, creep strain, viscoelastic strain, and viscoplastic strain curves of specimens from the first to last stress levels are shown in Figure 12. As the stress increases, the viscoelastic strain, the viscoplastic strain, and the creep strain of the specimens increase. With the increase of stress, the viscoplastic strain of the intact specimen decreases at low stress levels and increases at high stress levels. However, the viscoplastic strain of specimens with WI always increases with the increase of stress. Also, the larger the WI inclination angle is, the more obvious the plastic deformation will be. With the increase of stress, the viscoelastic strain increases slowly for the intact specimen and decreases for the specimen containing WI. This means that the WI may promote the viscoplastic rheology of the rock mass. We can find that at the same axial stress the instantaneous strain, creep strain and total strain of the specimen containing WI are larger than those of the intact specimen, and the instantaneous strain, creep strain, and total strain increase with the increase of the WI inclination angle. Moreover, the WI inclination angle has a positive correlation with the viscoelastic strain and viscoplastic strain. It indicates that the presence of a WI is more likely to cause rheological deformation; the bigger the WI inclination angle, the greater the rheological deformation.
[image: Figure 12]FIGURE 12 | (A) Creep strain, (B) viscoelastic strain, and (C) viscoplastic strain curves of specimens from the first to the last stress levels.
The proportion of creep strain to total strain is 25.3–60.5%. The minimum proportion of creep strain to total strain is specimen S1‐3 at 8 MPa, and the maximum case is specimen S3-4 at 20 MPa; as the stress increases, the proportion of creep strain to total strain increases. The proportion of creep strain to the total strain is more than 10% for all the specimens. Even considering the special case of specimen failure, the proportion of creep strain to total strain is up to 34% (specimen S3-4 at 14 MPa). Similarly, the relation of stress and total strain is shown in Figure 13. Obviously, as the stress increases, the total strain of the specimen increases.
[image: Figure 13]FIGURE 13 | Total strain curves of specimens from the first to the last stress levels.
The Effect of Weak Interlayer on the Rheological Failure Modes of Rocks
The rheological failure strengths of the rocks numbered S0-4, S1-3, S2-3, S3-4, and S4-3 are 72, 64, 45, 20, and 8 MPa, respectively. The rheological failure strengths of the specimens are about 72–96% of uniaxial compression strengths. Moreover, the WI promotes the rheological failure of the rock; the greater the WI inclination angle, the lower the rheological failure strength.
Figure 14 shows the failure modes of intact rock and rock containing WI. The intact specimens ar‐e mainly splitting and tensile failure. For the specimens containing WI, with the increase of the inclination angle, the specimen gradually transitions from the splitting failure to the shear failure. The specimens, containing small inclination angles (15° and 30°)WI, are mainly splitting failure, and the rheological failure mode is utter shear failure (see Figures 14D,E) when the inclination angle of WI becomes bigger. From triaxial compression tests, the internal friction angle of intact sandstone is 34.06°, the rock fracture angle is 62.03°. The rheological failure mode of the rock containing WI inclination angle 60° is an utter shear failure, which can be understood as that when the WI inclination angle of the rock is close to the rock fracture angle, the rock will failure along the inclination angle of the WI.
[image: Figure 14]FIGURE 14 | Failure mode of specimens.
CONCLUSION

(1) The rheological failure strength of sandstone containing WI decreases with the increase of WI inclination angle changing from 15° to 60°, and the decline is 86%. The failure strength, Poisson’s ratio, and elastic modulus of the intact rock are higher than those of the sandstones containing WI. Meanwhile, the uniaxial compressive strength, Poisson’s ratio, and Young’s modulus of the sandstones containing WI will decrease with the increase of inclination angle of WI. It is indicated that the rheological failure of rocks containing WI is faster and more severe than that of intact rocks.
(2) The steady-state creep strain rates of all the specimens are the lowest under the first stress level. When the rock is subjected to low loads, the strain rate is quickly attenuated to zero and shows only deceleration rheology. Whether it is intact sandstone or composite sandstone, the decay creep time at the first stress level is longer than that of other stress levels.
(3) At lower stress levels, the plastic strain of the intact specimen decreases with the increase of stress, and the plastic strain of the intact specimen increases with the increase of stress under high stress level. The plastic strain of the specimen containing WI always increases with the increase of the stress level. With the increase of stress level, the viscoelastic strain increases slowly for the intact specimen and decreases for the specimen containing WI; the larger the WI inclination angle is, the faster the viscoelastic strain decreases.
(4) The failure mode of intact specimen is splitting tensile failure, and the failure mode of rock containing WI is changed from splitting tensile failure to shear failure along the interface of WI. The larger the WI inclination angle, the more obvious the shear failure. Under the same axial stress level, the larger the WI inclination angle, the greater the rheological deformation, and the influence of rheological deformation on the stability of rock mass increases with the increase of WI inclination angle.
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Transparent particles

Pore fluids

Materials Amorphous silica  Silica gel Fused silica Glass sand Mineral oil and a A calcium bromide
powder normal-paraffinic solution
solvent
Model types Clays Sands Sands Sands Water (general) Water (general)
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Sample name Peak shear displacement u, (mm)/Estimation errors(-)

Measured Equation7 Estimation Olsson and Estimation  Amadei Estimation  Asadollahiand  Estimation

errors (%)  Barton (2001)  errors (%) etal. (1998) errors (%)  Tonon (2010) errors (%)
H-RJT 1.922 1.729 10.042 1.621 15.661 1.455 24.208 1320 31.322
M-RJ2 1,552 1.454 6314 1.492 3.866 1.455 625 1345 13.338
L-RJ3 1.330 1.151 13.459 1.205 9.308 1.455 9.398 1374 3.308
H-RJ 1.767 1623 8.149 1.621 8.263 1.383 21.732 1215 31.239
M-RJS 1.406 1.364 2.987 1.492 6117 1.383 1.636 1.243 11593
L-RJG 1.149 1.080 6.005 1.205 4874 1.383 20.366 1273 10.792
H-RJ7 1.548 1.495 3.424 1.621 4716 1.310 16.375 1,092 29.457
M-RJ8 1.201 1.257 2634 1.492 15.569 1310 1.472 1122 13.001
L-RJ9 0.996 0.99 0.1 1.205 20,984 1.310 31.526 1154 15.863
H-RJI10 2.329 2,022 13.182 1.621 30,309 1.720 26,149 1613 30.743
M-RJT1 1.795 1.700 5.202 1.492 16.88 1.720 4.178 1633 9.025
L-RJ12 1.442 1.346 6657 1.205 16.436 1.720 19.279 1,656 1484
H-RJ13 1.917 1.952 1.826 1.621 15.441 1.647 14.085 1542 19.562
M-RJ14 1618 1.641 1.422 1.492 7.787 1,647 1.792 1563 3.3%9
L-RJIS 1.236 1,299 5.007 1.205 2508 1.647 33.252 1588 28.479
H-RJ16 1.787 1.875 7.945 1.621 6678 1575 9.326 1.465 15.659
M-RI7 1.387 1.576 13.627 1.492 757 1575 13.554 1.488 7.282
L-RJ18 1.007 1.248 13.765 1.205 9.845 1.575 43573 1513 37.922
H-RJ19 2513 2171 13.609 1.621 35.495 1.896 24,552 1.764 29.805
M-RJ20 1.936 182 5733 1.492 22,934 1.896 2,066 1.782 7.965
L-RJ21 1.651 1.445 12.477 1.205 27.014 1.896 14.839 1802 9.146
H-RJ22 2,061 2.113 2523 1.621 21.349 1.824 11.499 1.706 17.273
M-RJ23 1792 1.776 0893 1.492 16.741 1.824 1.786 1.724 3.7%
L-RJ24 159 1.406 1185 1.205 24.451 1.824 14.357 1.745 9.404
H-RJ25 1.819 2,050 12.699 1.621 10.885 1.751 3.738 1.641 9.786
M-RJ26 1522 1723 13206 1.492 1.971 1.751 15.046 1,661 9.183
L-RJ27 1271 1.364 7317 1.205 5193 1.751 37.766 1.683 32415

Average estimation error 7.49 13.668 15.663 16.875
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Sample name Peak shear stress 7, (MPa)

Measured Qian Estimaton  Barton  Estimation  Xiaetal.  Estimation Yang Estimation
(2018) errors (%) (1973) errors (%) (2014) errors (%) etal. errors (%)
(2016)
H-RJT 5.56 6.79 22122 4.99 10.252 6.81 22.482 7.7 32.554
M-RJ2 5.36 564 5.224 435 18.843 59 10075 6.38 19.03
L-RJ3 437 4.49 2746 3.46 20.824 512 17.162 5.14 17.62
H-RJ4 484 6.04 24.793 42 13.228 572 18.182 6.13 26,653
M-RJS 454 488 7.489 362 20.264 494 8811 529 16.52
L-RJG 401 3.82 4738 283 29.426 428 6733 423 5.486
H-RJ7 412 504 22.33 337 18.204 467 1335 48 16.505
M-RJ8 3.44 3.96 15.116 285 17.161 4 16279 413 20,058
L-RJ9 3.09 3.04 1618 219 29.126 3.42 1068 327 5825
H-RJ10 8.63 8.13 5.794 7.64 11.472 11.07 28.273 11.26 30475
M-RJT1 808 7.31 953 684 15.347 954 18.069 9.84 21.782
L-RJ12 6.87 6.16 10335 5.67 17.467 8.18 19.068 8.12 18.195
H-RI3 7.94 791 0378 694 12594 9.86 24.181 1027 29.345
M-RJ14 695 697 0.288 6.17 11.223 851 22.446 896 28.921
L-RIIS 5.01 579 15.569 507 1.198 733 46.307 7.35 46.707
H-RJ16 7.24 7.61 511 622 14.088 8.68 19.89 923 27.486
M-RJ17 5.53 657 18.807 5.49 0.723 75 35.624 8.02 45.027
L-RJ18 4.85 537 10.722 4.47 7.835 6.49 33814 6.54 34.845
H-RJ19 10.16 8.86 12.795 928 8.661 14.07 38.484 13.43 32.185
M-RJ20 9.36 821 12.286 8.4 10.256 12.08 29.06 1182 26.282
L-RJ21 7.82 707 9.591 7.09 9.335 1028 31.458 9.89 26.471
H-RJ22 863 8.47 1854 862 0.116 12.82 48552 12.57 45.655
M-RJ23 7.49 7.78 3872 7.76 3.605 11.02 47.13 11.03 47.263
L-RJ24 6.62 6.65 0.453 651 1.662 9.41 42,145 9.18 38.671
H-RJ25 7.84 8.22 4847 794 1.276 11.59 47832 11.66 48.724
M-RJ26 712 7.44 4.494 7.1 0.14 9.98 40169 1021 43.399
L-RJ27 6.01 6.30 4825 592 1.498 855 42.263 8.44 40.433

Average estimation error 8.805 11.326 27.353 20.338
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Macro-properties Tensile strength (MPa) UCS (MPa) Elastic modulus (GPa) Poisson’s ratio

Numerical simulation 15.3 228 69.8 0.247
Laboratory experiment 14 226 71.8 0.25
Deviation (%) 9.3 0.88 2.10 1:2
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Parameter type

Basic particle parameters

Parameters of the linear parallel bond model

Micro parameter

Particle minimum radius Rmin/mm
Particle radius ratio Rmax/Rmin
Effective modulus Ec/Gpa
Normal-to-shear stiffness ratio ky, /ks
Friction angle (°)

Bond effective modulus Ec/Mpa
Normal-to-shear stiffness ratio k,,/ks
Tensile strength MPa

Cohesion MPa

Value

1.5
1.66
43
1.2
50
43
22
35+8
75+ 14
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Sample name Residual stress(MPa) Sample name Residual stress(MPa)

H-RJ1 434 L-RJ16 462
M-RJ2 42 H-RJ16 544
L-RJ3 3.66 M-RJ17 4.82
H-RJ4 3.76 L-RJ18 4.50
M-RJS 3.54 H-RJ19 8.13
L-RJ6 317 M-RJ20 6.80
H-RJ7 3.16 L-RJ21 6.27
M-RJ8 2.68 H-RJ22 6.99
L-RJ9 244 M-RJ23 6.29
H-RJ10 6.62 L-RJ24 5.81
M-RJ11 6.01 H-RJ25 6.34
L-RJ12 5.66 M-RJ26 5.89
H-RJ13 5.66 L-RJ27 5.26

M-RJ14 5.01 / /
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Sample Number of pieces

>50 50~40 40~30 30~20 20~10 <10
(mm) (mm) (mm) (mm) (mm) (mm)

Dry granite 2 2 1 7 23 neglect

Saturated Water 2 2 3 4 16 neglect
granite
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Sample

1# Dry granite

2# Dry granite

3# Dry granite

Mean

1# Saturated water granite
2# Saturated Water granite
3# Saturated Water granite
Mean

UCS (MPa) Young modulus (Gpa) Peak strain

165.835
156.842
125.571
149.416
141.854
133.861
124.462
133.392

43.087
37.834
36.726
39.215
39.025
33.215
28.611
33.617

5.25 x 10~3
572 x 1072
5.65 x 1072
554 x 1073
4.94 x 1078
5.39 x 1072
6.45 x 10~3
559 x 1072
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Sample Cumulative Loading Quiet period Quiet period Initial stress in quiet Peak stress o The stress ratio
AE events time (s) duration (s) duration ratio (%) period o1 (MPa) (MPa) o1/ (%)

Dry granite 1378 492 84 17.0 61.661 125.571 491
Saturated water granite 944 482 130 26.9 52.948 124.462 42.5
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Time/d 0.25-0.5 mm 0.5-1.0 mm 1.0-2.0 mm
B/ % D Br/% D Br/% D
2 1.28 0.920 1.87 1.164 4.03 1.335
7 1.89 0.927 2.85 1172 4.51 1.368
14 2.48 0.939 3.85 1.185 5.14 1.395
28 3.25 0.952 412 1.201 543 1.408
56 3.44 0.981 4.51 1.287 5.63 1.415
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Test type Standard consolidation test Relative
particle breakage of coral sand at
various stress levels/%

50 kPa 100 kPa 200 kPa 400 kPa 800 kPa

Standard consolidation test 1.34 1.67 2.01 2.52 4.03
(2 days)

Creep test (56 days) 2.81 3.17 3.88 4.64 5.63
Relative value/% 52.31 50.47 4820  45.69 28.42

Relative value = (creep test Br—consolidation test Br)/creep test Br.





OPS/images/feart-08-519461/inline_9.gif





OPS/images/feart-08-00055/feart-08-00055-g009.jpg
Stress (Mpa)

— 1# Dry granite
150 1 —— 2# Dry granite
——=3# Dry granite e S
1251 === 1% Water granite // | 7S~
=== 2# Water granite /7 /
1004 . /4 7/
3# Water granite /
/ /
75 - /
¢ ,//
50 - /el
‘ /
25
0 .
0.0 0.2 0.4 0.6

Strain (%)






OPS/images/feart-08-00134/feart-08-00134-t004.jpg
Stress level/MPa Coral sand Silica sand

D R? D R?
0.8 1.165 0.9894 1.224 0.9353
1.6 1.248 0.9971 1.241 0.9667
2.4 1.390 0.9987 - -
3.2 1512 0.9977 1.426 0.9797
4.0 1.634 0.9958 - =
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.25-0. .5-1. .0-2.
Stress level/kPa 0.25-0.5 mm 0.5-1.0 mm 1.0-2.0 mm
D R2 D R2 D R2
50 0.3917 0.8759 0.8990 0.8216 1.1650 0.8192
100 04836 0.8770 0.9791 0.8254 1.2484 0.8198
200 0.6269 0.8835 1.0700 0.8295 1.3189 0.8224
400 07066 0.9020 1.1112 0.8415 1.3664 0.8251
800 1.0083 0.9138 1.2506 0.8720 1.4149 0.8726
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Time, t (days) Average consolidation, U (%) Relative error (%)

Analytical solution Difference method

0 0 0 0

100 0.295092 0.2960 0.0027
200 0.453752 0.4538 00106
300 0.56707 0.5671 0.0053
400 0.656737 0.6657 0.0056
500 0.726098 0.7261 0.0003
700 0.826585 0.8266 0.0018
900 0.890204 0.8902 0.0004
1,100 0.930484 0.9305 0.0017
1,300 0.955087 0.956 0.0014
1,500 0.972134 0.9721 0.0035
1,700 0.982357 0.9824 0.0044

1,900 0.988829 0.9888 0.0029
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Model class parameters Step 1 Step 2 Step 3 Step 4

Kelvin Model R 0.607 0.316 0.634 0.499
DC 0.369 0.010 0.403 0.249
k 4.260 4.480 3.530 2.780
n 80.500 45.730 108.180 124.780
General Kelvin R 0.856 0.959 0.863 0.946
Model
DC 0.733 0.920 0.745 0.895
k1 0.038 4.844 4.200 3.285
k2 0.381 51.541 21.572 16.069
n 1065.119 195034.100 17980.360 43635.250
Burges Model R 0.899 0.973 0.950 0.963
DC 0.808 0.947 0.904 0.928
k2 9.722 2.467 1.691 0.866
12 2261621 2636732 1031388 390047
k 7.896 26.318 4.079 3.763
N1 262.637 48910.220 815.917  4734.571

¢ = the axial strain, o = the normal stress in kPa, n = the coefficient of viscosity, and
k = constant parameter.
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Maxwell model (Yu and
Choi, 2004)

Kelvin model (Schutter,
1999)
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(Haque et al., 2000)
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Nishihara model (Jiang
etal, 2013)
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Parameter Group 1 Group 2 Group 3

Test 1 Test 2 Test 3 Test 1 Test 2 Test Test 1 Test 2 Test 3
o3 (kPa) 50.0 75.0 100.0 75.0 100.0 200.0 100.0 200.0 300.0
o1 (kPa) 289.4 338.4 396.6 338.4 399.6 616.5 386.6 616.5 796.4
¢ (deg) 21.4 222 20.2
¢ (kPa) 61.5 59.0 65.8
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o3 (kPa) Step 1 Step 2 Step 3 Step 4 Step 5
(kPa) (kPa) (kPa) (kPa) (kPa)
50 58 116 173 230 288
75 65 131 196 261 327
100 78 157 235 314 392
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Engineering index

Water content, w (%)
Dry density, pg (@/cm®)
Dso (mm)

Liquid limit, LL (%)
Plastic limit, PL (%)
Plasticity index, PI

Value

21.70
1.6
0.2
52
20
32
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Items Values

The velocity of air flow, v 0.5m/s
Surface emissivity of the stope ground, eg 1

Initial temperature of CLS functional CPB, Tin; 273 K
Temperature of surrounding rock, Tg 313K
Temperature of ordinary CPB below, Tg 313K

Temperature of air flow of the stope, Ty 313K
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Materials Density Heat conductance Specific heat Thickness

(kg/m?) [W/(m-k)] [J/(kg-K)] (m)
Surrounding rock 2600 3.2 840 0.3
Clapboard 1930 0.79 920 0.2
Ordinary CPB 2500 3.0 2512 0.3

Insulation layer 228 0.038 1300 0.1
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Specimens Initial volume fraction (%)

Waste stone Tailings Cement Ice Water
Specimen 1 (C=66.1%, Q =1:1) 22 14.6 6 28.7 28.7
Specimen 2 (C = 72.8%, Q =3:1) 25.74 17.16 6.97 12.53 37.6
Specimen 3 (C = 72.8%, Q =2:1) 258 17.2 7 16.7 33.3
Specimen 4 (C=72.8%, Q=1:1) 26 17.4 7 24.8 24.8
Specimen 5 (C=72.8%, Q =1:2) 26.22 17.48 s 32.8 16.4
Specimen 6 (C = 72.8%, Q = 1:3) 26.31 17.54 712 36.77 12.26
Specimen 7 (C = 78.4%, Q =1:1) 30 20 8 21 21
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Materials
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Density p(kg/m?3)

2600
2600
2000
999
913

Heat conductance A [W/(m k)]

3.2
3.2
0.6
0.57
2.22
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Engineering index Value

Water content, o (%) 38
Natural bulk density, p (g/cm3) 1.69
Void ratio, e 1.18
Specific gravity, Gs 2.73
Liquid limit, LL (%) 44
Plastic limit, PL (%) 19

Plasticity index, PI 25
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Conduit diameter Initial hydraulic Fissure aperture Strata dip angle Velocity of Hydraulic Average hydraulic
(meter) pressure (x10°Pa) (meter) (degrees) outflow (m/s) gradient conductivity (m/s)
0.01 1.04 0.004 0 0.2569 0.58143 0.441827
0.015 1.04 0.004 0 0.2078 0.58204 0.35697

0.02 1.04 0.004 0 0.1668 0.58245 0.286328
0.025 1.04 0.004 0 0.1440 0.58264 0.247056
0.03 1.04 0.004 0 0.1264 0.582766 0.216958
0.035 1.04 0.004 0 0.1138 0.582848 0.195217
0.04 1.04 0.004 0 0.1034 0.582908 0.177469
0.045 1.04 0.004 0 0.0945 0.582955 0.162015
0.05 1.04 0.004 0 0.0881 0.582986 0.151159
0.06 1.04 0.004 0 0.0780 0.583031 0.13381
0.065 1.04 0.004 0 0.0734 0.58305 0.125837
0.07 1.04 0.004 0 0.0692 0.583065 0.118683
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Initial hydraulic Conduit diameter Fissure aperture Strata dip angle Velocity of Hydraulic Average hydraulic

pressure (x10°Pa) (meter) (meter) (degrees) outflow (m/s) gradient conductivity (m/s)
1.015 0.02 0.004 1.985 x 1072 0.0098 0.432 0.023
1.02 0.02 0.004 6.941 x 103 0.0340 0.459 0.074
1.03 0.02 0.004 16.821 x 1073 0.0820 0.514 0.159
1.04 0.02 0.004 26.658 x 103 0.1298 0.569 0.228
1.05 0.02 0.004 36.455 x 1073 01777 0.624 0.285
1.06 0.02 0.004 46.213 x 1073 0.2257 0.679 0.333
1.07 0.02 0.004 55.933 x 103 0.2737 0.733 0.373
1.08 0.02 0.004 65.617 x 103 0.3218 0.788 0.409
1.09 0.02 0.004 75.265 x 103 0.3700 0.842 0.440
1.1 0.02 0.004 84.878 x 1073 0.4183 0.896 0.467

1.15 0.02 0.004 132.454 x 1078 0.6603 1.165 0.567
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Factors Variance Range F (Fy = 0.05 = 9.28,
Fy = 0.1 =5.39)

Initial hydraulic pressure  0.185124  1.147939 6.01

Conduit diameter 0.553176  1.822543 17.97

Fissure aperture 0.327343  1.589611 10.64

Strata dip angle 0.061464  0.585606 2.00






OPS/images/feart-07-00344/feart-07-00344-g008.jpg
Aroo [t 8100
- 80
S Z60
) ad F
L / 2ol ]
B inl ll

0 T T
0 025 030 035 040 045 20 025 030 035 040 0.45
Total pore volume (ml/g) Total pore volume (ml/g)
L e

| I
0 0

020 025 030 035 040 045 20 5 030 035 040 045
Total pore volume (ml/g) Total pore volume (ml/g)






OPS/images/feart-08-00030/feart-08-00030-t003.jpg
Number Initial hydraulic Conduit diameter Fissure aperture Strata dip angle Average hydraulic

pressure( x 10°Pa) (meter) (meter) (degrees) conductivity (m/s)
1 1.02 0.01 0.002 0 0.1299
2 1.02 0.02 0.003 10 0.0873
3 1.02 0.03 0.004 20 0.1098
4 1.02 0.04 0.005 30 0.1396
5 1.04 0.01 0.003 20 0.6090
6 1.04 0.02 0.002 30 0.1632
7 1.04 0.03 0.005 0 0.2114
8 1.04 0.04 0.004 10 0.2132
9 1.05 0.01 0.004 30 0.5852
10 1.05 0.02 0.005 20 0.6169
11 1.05 0.03 0.002 10 0.0610
12 1.05 0.04 0.003 0 0.1246
13 1.06 0.01 0.005 10 1.0392
14 1.06 0.02 0.004 0 0.3492
15 1.06 0.03 0.003 30 0.1627

16 1.06 0.04 0.002 20 0.0634
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Fissure aperture Initial hydraulic Conduit diameter Strata dip angle Velocity of Hydraulic Average hydraulic
(meter) pressure (x10°Pa) (meter) (degrees) outflow (m/s) gradient conductivity (m/s)
0.001 1.04 0.02 0 0.0220 0.5692796 0.03712
0.002 1.04 0.02 0 0.0230 0.589562 0.038934
0.003 1.04 0.02 0 0.0522 0.586302 0.089079
0.004 1.04 0.02 0 0.0743 0.583054 0.127362
0.005 1.04 0.02 0 0.0879 0.579871 0.151521
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Type Porosity n Friction Normal Tangential Local
coefficient contact contact damping
n stiffness stiffness  coefficient
K" (N/m) K® (N/m)
Particle 0.35 0.4 230.15 150.63 0.7
Wall / / 1 % 108 1% 108 7
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Test group Confining Stress level (S) Moisture
number pressure (kPa) content (%)
Ai-As 50 0.1,0.4,06,0.8 8.9%
B1- Bs 100 0.1,0.4,06,0.8 8.9%
Cy-Cs 200 0.1,0.4,06,0.8 8.9%
D1- Ds 100 0.1,0.4,06,0.8 10.2%
E¢-Es 100 0.1,0.4,0.6, 0.8 12.1%
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density moisture (%) (kPa) friction
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