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Abstract: Soil-rock mixture (SRM) filling in fault zone is an inhomogeneous geomaterial, which is composed of soil and rock block. It controls the deformation and stability of the abutment and dam foundation, and threatens the long-term safety of high arch dams. To study the macroscopic and mesoscopic mechanical properties of SRM, the development of a viable mesoscopic numerical simulation method with a mesoscopic model generation technology, and a reasonable parametric model is crucially desired to overcome the limitations of experimental conditions, specimen dimensions, and experiment fund. To this end, this study presents a mesoscopic numerical method for simulating the mechanical behavior of SRM by proposing mesoscopic model generation technology based on its mesostructure features, and a rock parameter model considering size effect. The validity and rationality of the presented mesoscopic numerical method is experimentally verified by the triaxial compression tests with different rock block contents (RBC). The results indicate that the rock block can increase the strength of SRM, and it is proved that the random generation technique and the rock parameter model considering size effect are validated. Furthermore, there are multiple failure surfaces for inhomogeneous geomaterial of SRM, and the angle of the failure zone is no longer 45°. The yielding zones of the specimen are more likely to occur in thin sections of soil matrix isolated by blocks with the failure path avoiding the rock block. The proposed numerical method is effective to investigate the meso-damage mechanism of SRM.
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1  Introduction

The high arch dams in China are gradually going through the impounding and operation periods, such as the Jinping arch dam (305 m), the Xiaowan arch dam (294.5 m), and the Xiluodu arch dam (285.5 m). However, geological defects such as faults are generally developed in the dam abutment and dam foundation, which predominantly control the deformation and stability of the dam abutment and dam foundation, threatening the long-term safety of high arch dams [1]. According to relative statistics [2–4], 70% of the significant arch dam accidents are related to the development of faults and cracks in the dam abutment and the dam foundation. The fault breccia and fault gouge mixture (rock and soil mixtures, SRM) filling in faults, the most critical factor controlling the deformation, permeability, and stability of the dam abutment and dam foundation, generally has the characteristics of small deformation modulus, serious weathering, low strength and strong permeability [5]. Thusly, it is essential and crucial to investigate the mechanical properties and deformation laws of the SRM in the fault zone.

The SRM, a significant geological body that is different from soil and rock, has raised increasing attention in geotechnical engineering, and many researchers have carried out systematic research on its physical and mechanical properties. The current studies on the SRM are mainly based on two aspects: physical experiment and numerical simulation experiment.

The physical experiments mainly focus on the investigation of influencing factors on the macro-mechanical behavior of SRM, such as rock block content (RBC) and particle size distribution. On the one hand, the results of shear tests [6–15] indicate the mechanical properties of SRM with low RBCs are predominantly controlled by the soil. In cases of high RBCs, the mechanical properties of SRM are jointly controlled by the rock and the soil, with the strength being significantly improved in such cases. Also, the internal friction angle increases with the growth of the RBC. However, no uniform change rules are observed for cohesion. On the other hand, the results of experimental tests [11,16–20] of SRM are affected by block particle diameters. The SRM has a typical size effect, and the larger blocks in SRM control their macroscopic deformations and destructions to some extent. In addition, the permeability tests of SRM are performed as well. In the permeability test [21], the permeability coefficient of SRM with different gravel contents was measured. The effects of particle size, void ratio, and particle shape on the permeability of SRM were evaluated. A further equation was established to evaluate hydraulic conductivity with the three factors above. The characteristics of SRM with different RBCs were examined through permeability testing by Wang et al. [22,23]. The experimental results implied that the average permeability coefficient decreases first and then increases with the growth of RBC, and the permeability coefficient of SRM decreases with the increase of confining pressure, which is probably due to the interactions between soil matrix and rock blocks.

The numerical simulation technology featured as an essential method to study the mechanical properties of SRM is developed rapidly in recent decades because it can overcome the limitations of conditions and specimen dimensions in physically experimental tests. In numerical simulation methods, the generation of mesostructure is the first crucial problem to be addressed, especially for the complex structures of SRM. Currently, various mesostructure generation methods have been established, including the Monte Carlo method [24–26] and the digital image processing technology [27–29]. Based on the SRM mesostructure, the mesoscopic mechanism of SRM's mechanical behavior can be revealed. A stochastic structural model of SRM through the Monte Carlo method was built, and the direct shear tests were conducted by Li et al. [26]. The numerical and experimental results showed that the fracture patterns exhibit shear failure with irregular fracture planes. A mesostructure concept model of SRM was proposed by Xu et al. [29] to represent the inhomogeneity of SRM based on the technique of digital image processing, and the two large-scale direct shear tests of inhomogeneous SRM were carried out by using the finite element method. The numerical results indicated that owing to the existence of the ‘‘rock’’ blocks in SRM, there were three modes during the failure process: failure path going round through one side of the ‘‘rock’’ block, failure path going round by both sides of the ‘‘rock’’ block, and failure path passing through the weak ‘‘rock’’ block. A random mesostructure model was presented, and a series of biaxial compression tests with different block proportions, shapes, orientations of blocks and specimen sizes were carried out by Pan et al. [30]. The results indicated that the strength of BIM colluvium increased with the growth of block proportion, rock-block orientation affected the anisotropy of mechanical properties, and the block aspect ratio only had a minor influence on the strength and stiffness. In addition, it also showed that mechanical properties remained constant when the specimen size approached a certain representative elemental volume (REV). A damage constitutive model of SRM based on the random distribution characteristics of strength was established by Wang et al. [31,32]. The damage characteristics with damage element number (DEN) were described through RFPA2D. The numerical results showed that damage characteristics of SRM were progressive: the crack began from rock–soil jointed interfaces, then propagated into the soil matrix, and finally, the growth of the crack-shear band and macro-pore caused the failure of SRM.

According to the authors’ knowledge, only limited current studies take accounts of the influences of “rock block” on SRM filling in fault zone when investigating its mechanical strength parameters and deformation characteristics [32–36]. Additionally, the conduction of physical experiments requires specific conditions, designated specimen dimensions, and observing the evolution of the internal structure is inconvenient in the physical experiments. Therefore, it is more efficient to study the macroscopic and mesoscopic mechanical properties of SRM filling in fault zone based on mesostructure by numerical simulation methods. The main problems in mesoscopic numerical simulation methods are generating a mesostructured model and reasonably selecting parameters. Up to now, there are only a handful of studies on the mapping grid method for the random mesostructure generation technology of SRM. In addition, the rock size effect has rarely been considered in previous studies. Thus, an improved numerical method for the random mesostructure generation technology of SRM, together with the consideration of the rock size effect, is essentially desired in the precise simulation of the SRM.

This study aims to develop a mesoscopic numerical simulation method by proposing a random mesostructure generation technology and rock parameter model considering the size effect for future research of macroscopic and microscopic mechanical properties and deformation mechanisms. By this mesoscopic numerical method, a series of extended studies could be carried out, for example, multifield coupling analysis, meso-damage failure analysis, and so on. In this study, Section 2 conducts triaxial compression tests of soil in SRM and SRM with different RBCs to provide the model parameters and verify the correctness of the numerical method. Section 3 analyses the experimental results in Section 2 in detail. Section 4 regards the SRM as a two-phase structure composed of rock and soil, and proposes the random mesostructure generation technology based on the mapping grid method by proposing the mapping algorithm and the algorithm for generating a random block. In addition, Section 5 presents the rock parameter model considering the rock size effect. Finally, Section 6 performs the triaxial compression tests through the finite element method to study the influence of rock block content (RBC) on the macro-mechanical and meso-mechanical behaviors of SRM.

2  Triaxial Compression Tests

2.1 Materials Particle Analysis

There are several faults developed in the dam abutment and dam foundation of Jinping I Hydropower Station. Their locations and distributions are presented in Fig. 1a. Among the faults, the fault f42-9 located on the left of the dam mainly controls the slope safety. Therefore, the filling of the fault f42-9 is investigated in this study. Deposit samples are taken from the f42-9 fault, which is composed of breccia and fault gouge (Fig. 2). After being dried by dring case, the sieve test was carried out based on Test Methods of Soils for Highway Engineering/JTG E40-2007 of China. The grain size distributions of SRM obtained from the sieve test are shown in Table 1.
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Figure 1: Developed faults of the valley (a) geological profile of the valley; (b) f5 fault; (c) f8 fault; (d) f42-9 fault
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Figure 2: SRM fillings in the f42-9 fault zone
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It is widely known that particle classification is the main basis for judging soil types. Similarly, SRM also has the problem of dividing “soil” and “rock block” in SRM, that is, how to determine the threshold of soil and rock, which can distinguish between “soil” and “rock block”. Meanwhile, it is also the key factor to determine the block content. In China, the rules of building materials stipulate that for SRM, the boundary size of “block” and “soil” is taken as 5 mm. In addition, many scholars [37–41] also agree with the specification that specifies 5 mm as the soil-rock threshold in SRM. Namely, the particles with a particle size less than 5 mm are regarded as fine soil, and those with a particle size greater than 5 mm are regarded as rock blocks. In this study, the soil-rock threshold is also considered to be 5 mm.

2.2 Design of the Test

As a special engineering geological body, SRM consists of stiff rocks and comparatively soft soils, which determine the mesostructure damage and macroscopic mechanical properties of SRM. In this study, the triaxial compression tests of SRM with different block contents are carried out, which can reflect the influence of block content on the mechanical behavior of SRM. The case of RBC = 0 is set to research the physical properties of the soil matrix in SRM and provide reliable parameters for the numerical simulation tests of SRM. In addition, the soil with a particle size of less than 5 mm is taken as the fine-grained soil, and for rock, the particle size is between 5–20 mm in this test. The scheme of the triaxial compression tests for soil and SRM is shown in Table 2.
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2.3 Preparation of Model Samples

According to Table 1, the soil tests specimen is 39.1 mm in diameters and 80 mm in height, and the SRM tests specimen is 101 mm in diameters and 80 mm in height. The samples are prepared according to the natural dry density of 1.74 g/cm3 in the project. According to the principle of similar gradation, the proportion of each grain size of rock block is calculated which is 5−10:10−20=0.608:0.392. The samples are produced according to the rock content of 0%, 30%, 50%, and 70%, respectively. For processes of specimen preparation, the weights of the size of each grain are firstly calculated for every specimen to reach the rock block content of 0%, 30%, 50%, and 70%, respectively. Secondly, water is added and mixed with soil to reach a water content of 12%. Thirdly, the soil is sealed and stored for 24 h. Finally, for soil tests, the soil is just compacted in three layers to reach the size of the soil tests specimen and saturated by a vacuum saturation cylinder; for the SRM test, the soil and rock block is mixed together and compacted in three layers to reach the size of SRM tests specimen and saturated with air extractor (Fig. 3).
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Figure 3: Processes of specimen preparation (a) weigh according to the proportion; (b) sealed and stored; (c) vacuum saturation; (d) bearing membrane tube; (e) compacted in three layers; (f) saturated with air extractor

2.4 Procedures of Triaxial Compression Tests

The consolidation drainage shear tests are conducted with a TSZ-6A triaxial apparatus at Hohai University, China, as shown in Fig. 4. For TSZ-6A triaxial apparatus, the load rate range is 0.0024 to 4.5 mm/min, and the range of confining pressures can be applied 0 to 2.0 MPa. After the preparation of specimens, they are consolidated under different confining pressures according to the scheme in Table 2. Then, for the soil tests, the samples are compressed with the strain-controlled loading method at a constant axial strain rate of 0.01 mm/min under four confining pressures from 100 to 400 kPa by the step of 100 kPa. The tests are over when the axial displacement reaches 12 mm. During the shearing process, the drainage valve keeps open. For the SRM test, the specimens are compressed with the strain-controlled loading method at a constant axial strain state of 0.2 mm/min under the corresponding confining pressure of 100 and 200 kPa. The tests are stopped when the axial displacement reaches 15% axial strain. During the shearing process, axial displacement, axial load, and drainage volume can be recorded per minute.
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Figure 4: TSZ-6A triaxial apparatus A: force gauge; B: pressure cell; C: axial loading system; D: confining pressure control system

3  Triaxial Tests Results

3.1 Triaxial Compression Tests Results of Soil in SRM

The stress-strain curves of the four samples under different confining pressures are shown in Fig. 5, with the deviator stress σ1−σ3 plotted against the axial strain ε1. It can be observed that the deviator stress-axial strain relationship of each sample presents strain-hardening characteristics. The deviator stress gradually increases with the axial strain increasing, and the deviator stress remains unchanged when it reaches a certain level. In addition, with the increasing confining pressure, soil's initial modulus increases gradually, and the peak deviator stress of soil in SRM increases accordingly.

In addition, the volumetric strain εv can be calculated according to the drainage volume. The volumetric strain-axial strain curves of four samples under different confining pressures are presented in Fig. 6. From Fig. 6, it can be observed that each sample presents contraction characteristics. The volume strain gradually increased with the axial strain increasing, and the volume strain remains unchanged when it reaches a certain level.
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Figure 5: Deviator stress-axial strain curves under different confining pressures
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Figure 6: Volumetric strain-axial strain curves

Moreover, to obtain the soil physical and mechanical parameters, the internal friction angle and cohesion of the soil in SRM are calculated by drawing the mohr circle, as shown in Fig. 7. Besides, the elastic modulus E can be represented by the secant modulus at the 1% axial strain ε1 according to the relationship of deviator stress and axial strain (Fig. 8). Poisson's ratio v is calculated according to Eq. (1), where the lateral strain ε3 can be obtained by Eq. (2) and εv is taken from the value corresponding to the axial strain ε1 at 1%. The parameters of soil are listed in Table 3.
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Figure 7: Mohr circle of soil
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Figure 8: The secant modulus at the 1% axial strain

ν=ε3/ε3ε1ε1(1)

εv=ε1+2ε3(2)
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3.2 Triaxial Compression Tests Results of SRM

The curves between deviator stress and axial strain under the two confining pressures with different block contents are shown in Figs. 9 and 10. It can be observed from Figs. 9 and 10 that the deviator stress-axial strain curve of SRM has obvious non-linear characteristics and strain-hardening characteristics. The deviator stress increases at a relatively stable rate in the early stage, and the rate decreases slightly in the later stage. In addition, the deviator stress increases with the growth of rock block content, and the initial elastic modulus also increases correspondingly at the same confining pressure. That is because the rock is embedded in the soil with low RBCs. And there are fewer contacts between the rock blocks, which just bear a little load so that the soil plays the main role in this situation. However, with the rock block content increasing gradually, the contact between the rocks increases. The rock block forms the skeleton of SRM, which bears the main load.
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Figure 9: Deviator stress-axial strain curve under confining pressures of 100 kPa
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Figure 10: Deviator stress-axial strain curve under confining pressures of 200 kPa

Moreover, it can be seen from Figs. 9 and 10 when the confining pressure is 100 kPa, due to the relatively more minor boundary constraint of the sample, the rock blocks in SRM are more likely to move and rotate. The deviator stress–axial strain curve of SRM has more significant fluctuations from a macroscopic view. It indicates that the rock blocks continue to move and rotate during the shearing process, and the skeleton is continuously formed and destroyed until it is stabilized.

In addition, it can be observed that the peak deviator stress intensity increases with the increase of confining pressure at the same RBC. The specific relationship between rock content and peak deviator stress is shown in Fig. 11.
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Figure 11: Relationship curve between rock block content and peak deviator stress

4  Mesostructure Model Generation Technique of SRM

The irregular meshes will result in the non-convergence and low efficiency of the micromechanical simulation of SRM. It is essential to propose a random generation technique of the mesostructure model based on the mapping grid method. This method mainly consists of the mapping algorithm and the algorithm for the generation of the random block. First, the sample area is meshed to obtain an initial regular mesh model. Then, the mesh mapping algorithm is proposed, by which the random aggregate model obtained according to the algorithm for the generation of the random block is mapped to the preliminary mesh model.

4.1 3D(2D) Mapping Mesh Model

The advantage of the 3D (2D) mapping mesh method is that a more regular hexahedral finite element mesh model can be obtained. The first thing to do is determine the area where the rock blocks are placed, including the size and shape of the sample. In the numerical simulation test, the shape of the SRM sample is usually a cylinder or a cuboid, and the specific size of the sample can be determined according to the test requirements. The characteristic unit size is taken as 1/4 to 1/8 of the smallest rock block size. Then, the sample area is uniformly meshed using the spatial eight-node hexahedral element obtaining an initial regular mesh model. In addition, the node information and element information of the three-dimensional or two-dimensional mapping mesh model is stored.

4.2 Algorithm for Generation of Random Block Model for SRM

Three main issues in the generation of the mesostructure model of SRM using the Monte Carlo method are the random number, the size distribution, and the spatial position of the rock blocks.

In this study, to ensure the similarity between the random mesoscopic model and the undisturbed SRM, the random mesostructure model is generated according to the particle size distributions (Table 1). So that, for the gradation section [ds,ds+1], the volume ratio of the rock blocks to the total volume of the rock blocks p[ds,ds+1] can be calculated as:

p[ds,ds+1]=P(ds+1)−P(ds)P(dmax)−P(dmin)(3)


where P(ds+1), P(ds), P(dmax) and P(dmin) are the cumulative percentages corresponding to the particle size ds+1, ds, dmax and dmin. And dmin is the minimum diameter of the block, which is the threshold of “soil” and “rock”.

For a gradation section [ds,ds+1], the corresponding generation process of the spherical block particle is:

1)   The ratio p[ds,ds+1] and the block volume Vg[ds,ds+1] are calculated from the gradation section [ds,ds+1].

2)   The representative particle size d(ds≤d≤ds+1) of the rock block is determined for the gradation section [ds,ds+1], and the number of rock blocks is calculated according to the block volume Vg[ds,ds+1] of the gradation section [ds,ds+1].

3)   A set of uniformly distributed random variables on the interval [0, 1] is generated and is transformed into the space coordinates of the rock block in the sample area. Then it is judged whether the rock block overlapped with other blocks; if not, the set of space coordinates of this block is recorded in the quantity array, the corresponding block volume is calculated and accumulated, and the next rock block particle continues to be generated; if yes, a set of random variables is regenerated to enter the judgment condition. It is stopped until all blocks are generated.

4)   By repeating all the above steps, the blocks of the next gradation section are generated until the rock blocks of the last gradation section are generated, and the sum of the rock block volume of each gradation section is verified whether it meets the requirements.

4.3 Identification Algorithm of Mesoscopic Components for Mapping

The three-dimensional or two-dimensional initial regular mesh model for mapping is obtained. However, the homogenized structure mesh model does not reflect the distribution of each component. So that, the random block model generated in 4.2 needs to be mapped to the initial homogenized mesh model generated in 4.1 to distinguish each component. Therefore, an algorithm needs to be proposed to identify the mesoscopic components of SRM, by which the material properties of each component can be determined. The specific steps are as follows:

1)   The stored element information and node information of the 3D finite element mesh model for mapping is read. The coordinates of 8 nodes of element number N are assigned to Pj(xj,yj,zj)(j=1,2,…,8) from the first element.

2)   According to the particle size, the number of rock blocks for each gradation section is assigned to num1, num2,…,numi.

3)   The distance between the centroid point of this element and the center point of the block particle is calculated. In addition, the minimum distance dis_min and the position of the block particle are assigned to the array infor [dis_min, loc_min].

4)   The relationship between the element and the rock block particles is judged in turn. If dis_min≤0 and num1+…+numi−1+1≤loc_min≤num1+…+numi, then this element number is assigned to the corresponding set seti (ki) of rock block particle, and let ki=ki+1.

5)   If dis_min>0 this element number is assigned to the set set_soil (ks) of the soil material, let ks=ks+1.

6)   According to the above steps, the mapped element sets of material are written into the inp file.

In addition, the flow diagrams for the generation of random block and identification algorithm of mesoscopic components for mapping are provided, as shown in Fig. 12. Furthermore, the random rock block model and the random mesostructure mesh model of SRM are shown in Figs. 13–15. It can be observed that the rock blocks are randomly distributed, and the shape is also similar to be a sphere, indicating that the technology for the generation of the random mesostructure model is feasible.
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Figure 12: The flow diagrams for algorithms (a) the processing graphic for the generation of random block; (b) the processing graphic for identification algorithm of mesoscopic components for mapping
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Figure 13: The random rock block model of SRM with different contents (a) 3D; (b) 2D
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Figure 14: 3D random mesostructure model of SRM (a) 3D mapping mesh model; (b) soil mesh model of SRM; (c) rock block mesh model of SRM
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Figure 15: 2D random mesostructure model of SRM (a) 2D mapping mesh model (b) Soil mesh model (c) Rock block mesh model

5  Rock Parameter Model Considering Size Effect

In the process of fault formation, the rock mass is deformed and metamorphosed, forming fault filling due to the action of tectonic stress. From the macroscopic point of view, it is generally regarded as a homogeneous material. Meanwhile, the mechanical parameters are selected by multiplying the soil parameters by a coefficient. However, from a mesoscopic point of view, the fault filling is composed of rock blocks and fault gouges. It is a heterogeneous material with highly complex mechanical properties. Furthermore, the disadvantages of treating fault filling as homogeneous materials are more evident due to the slender structure characteristic of fault. Therefore, it is essential to consider the material difference between rock blocks and soil from a mesoscopic point of view. Generally, the rock block parameters are selected according to empirical values for numerical simulation of SRM. However, the mechanical properties of rock have a size effect [42,43]. The larger the rock block size, the more defects are inside, such as micro-cracks, micro-cavities, etc. So that, its mechanical parameters will be lower than those of smaller rock size, as shown in Fig. 16.
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Figure 16: Different sizes of rock specimen

At present, many researchers have studied the particle size effect from the aspect of particle strength [44,45], and they concluded that particle strength decreased with the increase of particle size. For instance, an empirical formula in exponential form based on the experimental data is established by Liu et al. [46]:

σ(x)=ae−bx+c(4)


where a, b and c are the parameters related to rock properties and size effect.

The rock blocks have high strength and high elastic modulus compared to the soil, so that in this study, only the size effect of elastic modulus for rock blocks is studied. The model of elastic modulus for rock block with size effect is proposed according to the study of Liu et al. [46]. The elastic modulus changing with the size of the rock block particle is defined by the exponential equation:

E=EC+ESe−αD(5)


where EC, ES and α are the parameters related to rock properties and size effect.

Generally, when the block particle size D approaches infinity, the elastic modulus of the rock block approaches the elastic modulus of the rock mass in the engineering, and it is taken as Em=500MPa, the equation can be expressed as:

Em=limD→∞⁡(EC+ESe−αD)=EC(6)

In addition, when the block particle size D approaches zero, which means the rock block is considered to be very small and does not contain any natural defects, the elastic modulus of the rock block should be close to the elastic modulus of the original rock E0=50GPa, the equation can be expressed as:

E0=limD→0⁡(EC+ESe−αD)=EC+ES(7)

In addition, when D=5mm, E=20,000MPa. Therefore, EC=500, ES=49,500, α=0.186 can be calculated by the above equations. The elastic modulus model of rock block considering size effect is as shown in Fig. 17.
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Figure 17: Elastic modulus model of rock block considering size effect

6  Numerical Simulations of Mechanical Characteristics of SRM Based on Mesostructured

6.1 Procedure of the Numerical Triaxial Compression Tests

Numerical triaxial compression tests of SRM with different rock block contents are simulated by FEM to validate the rationality of the rock parameter size effect and the random mesostructure model developing a numerical simulation method.

The size of the specimens is the same as the experimental tests of SRM of Φ101 × 200 mm. The block particle size D is divided into two groups: 5 to 10 mm and 10 to 20 mm, and the representative particle sizes are 8 mm, 15 mm. The element size is 2 mm, and element numbers of each component are shown in Table 4. The random mesostructure model of numerical simulation tests is shown in Fig. 18.
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Figure 18: Random mesostructure model of SRM

The boundary conditions are imposed in the simulation: the bottom surface is fixed, and the upper surface is fixed in horizontal orientation. There are two stages for the triaxial compression tests: first, the specimen is consolidated under confining pressure; second, a constant displacement rate is applied to the upper surface by displacement control method under confining pressure until the axial strain reaches 15%. The confining pressures of 100 and 200 kPa have been considered.

Moreover, the Mohr-Coulomb criterion is adopted for both soil and rock block based on the former experiences and experiments. Their physical and mechanical parameters are shown in Table 5.
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6.2 Result of Numerical Simulations

By calculating the mean of the reactions at each node on the upper surface of the specimen, for each loading step, the deviator stress-axial strain curves can be plotted. The numerical results are shown in Figs. 19 and 20, and the results of the experimental tests are compared with the numerical results. It can be observed that the deviator stress-axial strain relationship is the hardening type. With the increase of confining pressure, the deviator stress increases gradually, and the peak deviator stress also increases. Similarly, with the increase of rock block content, the deviator stress also increases gradually. In addition, it can be observed that experimental tests results are smaller than the numerical values, and the larger the RBC, the closer the experimental and numerical results are. The reason may be that the interface between rock block and soil is not considered in the numerical tests. It is believed that the interface between rock blocks is easier to destroy, and the effect is getting smaller with the growth of RBC [47,48]. On the whole, except for the condition of RBC=30% and σ3=100kPa, the fitting between the numerical simulation results and the results of the experimental tests is relatively close in other working conditions.
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Figure 19: Numerical simulation of triaxial tests on SRM under confining pressure of 100 kPa, comparing with the experimental results realized in Section 2. (a) RBC = 30%; (b) RBC = 50%; (c) RBC = 70%
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Figure 20: Numerical simulation of triaxial tests on SRM under confining pressure of 200 kPa, comparing with the experimental results realized in Section 2. (a) RBC = 30%; (b) RBC = 50%; (c) RBC = 70%

In addition, volumetric strain-axial strain curves for various confining pressures with different RBCs are provided, as shown in Figs. 21 and 22. It can be observed that the volume of SRM is shrinking at first, then dilating with the shearing process. In addition, the compression of low RBCs is also more significant than that of high RBCs. That is because there is high soil content with low RBCs, and it is easy to be compressed. Furthermore, yielding zones (the darker shade of grey) on the internal surface x = 50.5 mm for different RBCs under confining pressure of 100 and 200 kPa are shown in Figs. 23 and 24. It can be observed that the failure zone is no longer an apparent conjugated “X” pattern, there are multiple failure surfaces, and the angle of the failure zone is no longer 45°. Moreover, we also can observe that with the growth of RBC, yielding zones become more diffuse, less yielding zones, and yielding zones are more likely in thin sections of soil matrix isolated by blocks of the specimen. In addition, the failure path avoids the rock block.
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Figure 21: Volumetric strain-axial strain curves under confining pressure of 100 kPa
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Figure 22: Volumetric strain-axial strain curves under confining pressure of 200 kPa
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Figure 23: Yielding zones on the internal surface x = 50.5 mm under confining pressure of 100 kPa (a) RBC = 30%; (b) RBC = 50%; (c) RBC = 70%
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Figure 24: Yielding zones on the internal surface x = 50.5 mm under confining pressure of 200 kPa (a) RBC = 30%; (b) RBC = 50%; (c) RBC = 70%

7  Conclusions

Soil-rock mixture as the fillings in the Fault Zone, which is different from soil and rock, will affect the stability of the abutment and the dam foundation, and the safety of the arch dam. It is essential and crucial to investigate the mechanical properties and deformation laws of SRM based on mesostructure. However, only limited current studies take accounts of the influences of “rock block” on SRM filling in the fault zone. Additionally, the conduction of physical experiments requires specific conditions and designated sample dimensions, and observing the evolution of the internal structure is inconvenient in the physical experiments. This study aims to develop a viable mesoscopic numerical simulation method with a mesoscopic model generation technology and a reasonable parametric model for the research of macroscopic and microscopic mechanical properties and deformation mechanisms.

In this study, the triaxial compression tests of the soil matrix in SRM are carried out, which provide reliable parameters for the following numerical simulation tests of SRM. In addition, the triaxial compression tests of SRM with different rock block contents (RBC) are also carried out, from which we can see that the rock block increases the strength of SRM.

The numerical simulation method is adopted based on mesostructure to reveal the microscopic evolution process of the damage in SRM. Firstly, the random generation technique of the mesostructure model on the basis of the mapping grid method is proposed, which mainly includes the algorithm for the generation of the random block and the mapping algorithm. Then, the rock parameter model is proposed considering the rock size effect. Finally, the triaxial numerical compression tests of SRM with different RBCs have been performed. The numerical results can correspond well with the results of experimental tests, and the contents and sizes of rock blocks have remarkable influences on the strength of SRM. In addition, the result of yielding zones indicates that multiple failure surfaces with the angle of the failure zone being no longer 45° can be observed in yielding zones of SRM. The yielding zones of the specimen are more likely to occur in thin sections of soil matrix isolated by blocks with the failure path avoiding the rock block. The proposed numerical method is effective in investigating the meso-damage mechanism of SRM.
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