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1. Introduction 
 

There are a large number of composite structures 

composed of different materials in geotechnical 

engineering, such as composite rock composed of different 

types of rock (rock A-rock B), dam-dam foundation, 

shotcrete-surrounding rock and cemented paste backfill 

(CPB)-rock (Atapour and Moosavi 2013, Koupouli et al. 

2016, Sarfarazi et al. 2016, Zhao et al. 2018). Different 

components and contact interfaces make the composite 

body susceptible to shear failure due to the effects of 

excavation and stress environment (Haeri et al. 2018, 

Müller et al. 2018, Tian et al. 2018, Liu et al. 2020). 

Therefore, the shear properties of composite bodies and 

contact interfaces are key issues for the stability of 

geotechnical structures. 

A large number of studies on the shear behavior of 

concrete-rock and layered rock-rock have been carried out. 

The results show that the shear strength and failure 

characteristics of composites and interfaces are mainly 

affected by four factors: bond strength of interface 

(Moradian et al. 2012, Krounis et al. 2016, Pirzada et al. 

2020), mechanical properties of component materials 

(Ghazvinian et al. 2010, Wu et al. 2018), normal stress 

(Tian et al. 2015) and interface morphology (Saiang et al. 

2005, Champagne et al. 2013, Bista et al. 2020). Generally, 

the bond strength of the layered rock-rock interface is weak, 

and the shear characteristics are mainly affected by the  
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normal stress, interface morphology, and differences in 

strength of different rocks (Li et al. 2015, Xia et al. 2018). 

Various factors mutually affect the shear strength, shear 

deformation (shear and normal) and failure surface 

morphology of composite bodies and interfaces 

(Ghazvinian et al. 2010, Moradian et al. 2010, Renaud et al. 

2016, Shen et al. 2019). Affected by formation conditions 

and engineering background, the main controlling factors of 

shear properties of different composite bodies are different. 

Therefore, many studies have been conducted mainly on 

some factors of specific research objects (Andjelkovic et al. 

2015, Krounis et al. 2015, Mouzannar et al. 2017, Haeri et 

al. 2019, Renaud et al.  2019, Lee et al . 2020). 

The contact zone composite rock masses are formed by 

magmatic intrusion and metamorphism, and are widely 

found in rock engineering, especially in deep rock 

engineering, as shown in Fig. 1 (Ajalloeian et al. 2017, 

Cawood and Bond 2018, Antonellini et al. 2019). The 

engineering practice shows that when the tunnel or chamber 

passes through the contact zone, there are obvious stress 

concentration and differentiations in the rock masses near 

the contact interface (Yassaghi and Salari-Rad 2005, Feng 

et al. 2012). Convergence differences between different 

rock masses are obvious, and shear fractures appear near the 

interface of composite rock masses (Panda et al. 2014, Yang 

et al. 2019). Studies have shown that due to the difference 

in mechanical properties, uncoordinated deformation occurs 

in different rocks near the contact interface, which derives 

shear stress and causes shear failure at the interface (Xing et  
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Abstract.  Aiming at the mechanical and structural characteristics of the contact zone composite rock, the shear tests and numerical 

studies were carried out. The effects of the differences in mechanical properties of different materials and the normal stress on shear 

properties of contact zone composite samples were analyzed from a macro-meso level. The results show that the composite samples 

have high shear strength, and the interface of different materials has strong adhesion. The differences in mechanical properties of 

materials weakens the shear strength and increase the shear brittleness of the sample, while normal stress will inhibit these effect. 

Under low/high normal stress, the sample show two failure modes, at the meso-damage level: elastic-shearing-frictional sliding and 

elastic-extrusion wear. This is mainly controlled by the contact and friction state of the material after damage. The secondary failure 

of undulating structure under normal-shear stress is the nature of extrusion wear, which is positively correlated to the normal stress 

and the degree of difference in mechanical properties of different materials. The increase of the mechanical difference of the sample 

will enhance the shear brittleness under lower normal stress and the shear interaction under higher normal stress. 
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Fig. 1 Contact zone composite rock mass 

 

 

al. 2019, Wang et al. 2020). The magnitude of derived shear 

stress is positively related to the degree of difference in 

mechanical properties of different rocks. These results show 

that the shear properties of rocks and interfaces have an 

important effect on the mechanical behavior of contact zone 

composite rocks. 

The mechanical and structural characteristics of contact 

zone composite rocks are different from those of concrete-

rock and layered composite rock due to the formation 

conditions and environment. The contact zone composite 

rocks have higher strength (Yassaghi and Salari-Rad 2005, 

Amann et al. 2011), and the uniaxial compressive strength 

ratio of different components is about 1~2, while the 

layered composite rock is about 1~8 (Feng et al. 2012, 

Douma et al. 2019). The interface of different component 

has stronger adhesion rather than weak adhesion or friction. 

At the same time, normal stress along the contact interface 

can reach up to 10 MPa in underground rock engineering, 

which is much higher than that of concrete-rock (0.15~0.8 

MPa) (Moradian et al. 2010, Bahaadini et al. 2013). 

Based on the research background stated above, it is 

necessary to carry out shear tests on contact zone composite 

rock to study the effects of normal stress (σn) and the 

differences in rock mechanical properties on the shear 

behavior of composite rocks and interfaces. Based on the 

experiment, a particle flow numerical model (PFC2D) was 

constructed to analyze the energy conversion and damage 

evolution characteristics of composite model during 

shearing, and to study the shear interaction from meso level. 

The test was carried out by preparing physically similar 

sample to overcome the disadvantages of sampling 

heterogeneity and the high testing cost of natural rock 

samples. Similar materials facilitate the preparation of 

composite samples with varying degrees of difference in 

mechanical properties. 

 

 

2. Experimental methodologies 
 

In order to ensure that the physical similar samples have 

good rock-like properties, P425 Portland cement, gypsum 

powder, river sand with particle diameters ranging from 0.9 

to 1.2 mm and water were chosen as similar materials to 

make samples (Hu et al. 2019, Huang et al. 2019). The 

composite sample was designed to be a cube of 100 mm × 

100 mm × 100 mm dimension. The ratios of five kinds of  

  

(a) Sample preparation (b) Composite sample 

Fig. 2 Schematic diagram of sample preparation 

 

 

similar materials with different mechanical properties were 

determined by multiple adjustments and tests to simulate 

rocks with different mechanical properties. The ratios and 

mechanical parameters of five kinds of similar materials are 

listed in Table 1, where S represents the standard deviation 

of the data. Table 1 shows that the mechanical parameters of 

materials Nos. 1~5 have appropriate differences. The prism 

samples of 100 mm × 100 mm × 200 mm were prepared 

and the uniaxial compression tests were performed to obtain 

the elastic modulus of the materials in Table 1. 

Two similar materials of uniform mixing were 

separately poured on both sides of specially designed mold 

of 100 mm × 100 mm × 100 mm dimension, and the mold 

was fixed on vibration table, as shown in Fig. 2(a). The 

mold frame was divided into two parts 50 mm in width. A 

thin vertical plate was inserted between two parts. The 

similar materials were shaken for one minute after filled, 

and then the plate was pulled out and shaken for another 

one minute to compact and bond the two similar materials. 

Figure 2(b) shows the prepared composite samples. 

By combining two different materials, ten sets of 

composite samples with different degrees of difference in 

mechanical properties of the two materials were obtained. 

The composite samples were identified using a-b. Where a 

and b correspond to the material numbers in Table 1. The 

elastic modulus ratio of the two materials was defined as 

λ=Eb/Ea, which was used to quantified the degree of 

difference in mechanical properties of the two materials. 

The test selected five kinds of normal stress (σn) of 1 MPa, 

2 MPa, 3 MPa, 4 MPa and 5 MPa. Three samples were 

sheared under each normal stress. The YZW-30A 

microcomputer controlled electronic rock shear machine 

was used to shear the sample at a rate of 0.002 mm/s. 
 

 

3. Analysis of shear test results 
 

3.1 Shear strength 
 

The test results of the ten sets of composite samples are 

listed in Table 2, in which the cohesion and friction angles 

are obtained by fitting based on the Mohr-Coulomb 

criterion. Compared with the shear strength of a single 

material (Table 1), the shear strength of composite samples 

always lies between that of the strong material and the weak 

material under different normal stresses (σn) and degrees (λ) 

of difference in mechanical properties of materials. It shows 

that the contact interface of different materials of the  

Iron oreMarble

Unit: mm
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Fig. 3 Distribution of τa-b/τb with λ and σn 

 

 
composite samples have high bond strength, which cannot 

be regarded as a general weak joint surface. The ratio of 

shear strength of composite sample (τa-b) to that of stronger 

material (τb) is defined as τa-b/τb. As shown in Fig. 3, σn and 

λ have obvious regular effects on τa-b/τb. 

The difference in mechanical properties of materials 

shows a significant weakening effect on the shear strength 

of composite samples. As shown in Fig. 3, as the degree (λ) 

of difference increases, the shear strength of the composite 

sample gradually decreases compared to that of the stronger 

material, and gradually approaches that of the weaker  

 

 

 

material. Taking composite samples No. 1-3 (λ=1.28), No. 

3-4 (λ=1.46) and No. 3-5 (λ=1.85) as examples, the ratios of 

τa-b/τb gradually decreases under 3MPa normal stress, which 

are 0.95, 0.69, and 0.51 respectively. It shows that the 

increase of λ will enhance its weakening effect on shear 

strength of composite samples. 

The shear strength of the composite samples increases 

with the increase of the normal stress (σn), which accords 

with the general understanding (Koupouli et al. 2016, Tian 

et al. 2018). With the increase of normal stress, the shear 

strength of composite sample gradually increases compared 

to that of the stronger material (Fig. 3). Taking samples No. 

3-5 as an example, the ratios of τa-b/τb are 0.46, 0.50, 0.51, 

0.54 and 0.55, respectively, under 1~5 MPa normal stress. 

This shows that the normal stress can inhibit the weakening 

effect of the difference in material mechanical.  

The test results show that the normal stress and the 

differences in mechanical properties of materials has 

opposite effects (increase/decrease) on the shear strength of 

composite samples. Increasing λ or decreasing σn will 

weaken the shear strength of the composite samples (Fig. 

3). In the engineering environment, the normal stress is 

relatively fixed and uncontrollable. However, the 

mechanical properties of the surrounding rock can be 

adjusted by supporting means (Xing et al. 2019, Zhang et 

al. 2019). Therefore, adjusting the difference in mechanical 

properties of the rock mass is the main means to strengthen 

the shear strength of contact zone composite rock. 

Table 1 Mechanical parameters of materials and corresponding material ratios 

Sample 

number 

Shear strength (S), τ (MPa) Cohesion (S) 

(MPa) 

Friction 

angle (S) (°) 

Elastic 

modulus 

(GPa) 

Cement/ 

gypsum 

Sand/ 

plastic 

Water/ 

cement σn = 1 σn = 2 σn = 3 σn = 4 σn = 5 

1 
2.87 

(0.03) 

3.32 

(0.07) 

3.79 

(0.06) 

4.01 

(0.13) 

4.29 

(0.15) 
2.60 (0.10) 19.35 (1.78) 1.93 0.75 1.10 0.46 

2 
3.19 

(0.06) 

3.57 

(0.05) 

3.83 

(0.01) 

4.17 

(0.02) 

4.40 

(0.42) 
2.93 (0.04) 16.83 (0.75) 2.10 0.60 0.95 0.44 

3 
3.34 

(0.08) 

4.06 

(0.04) 

4.45 

(0.05) 

4.76 

(0.06) 

4.84 

(0.01) 
3.18 (0.22) 20.26 (3.85) 2.48 0.45 0.80 0.42 

4 
5.22 

(0.02) 

6.51 

(0.15) 

8.04 

(0.21) 

8.49 

(0.01) 

8.14 

(0.34) 
4.94 (0.74) 

38.01 

(12.58) 
3.62 0.30 0.65 0.39 

5 
7.08 

(0.21) 

8.44 

(0.13) 

9.28 

(0.26) 

10.35 

(0.38) 

11.00 

(0.25) 
6.31 (0.22) 44.25 (3.72) 4.58 0.15 0.50 0.36 

Table 2 Shear test results of composite samples 

Sample  

number 

Shear strength (S), τ (MPa) Cohesion (S) 

(MPa) 

Friction angle (S) 

(°) 

Modulus 

ratio, λ σn = 1 σn = 2 σn = 3 σn = 4 σn = 5 

1-2 2.16 (0.12) 3.37 (0.23) 3.39 (0.39) 4.00 (0.07) 4.62 (0.17) 1.84 (0.30) 29.06 (5.20) 1.08 

1-3 3.13 (0.15) 3.58 (0.46) 4.27 (0.23) 4.52 (0.21) 4.88 (0.01) 2.75 (0.13) 23.92 (2.30) 1.28 

1-4 2.72 (0.20) 3.47 (0.02) 3.89 (0.11) 4.01 (0.09) 4.41 (0.27) 2.52 (0.21) 21.45 (3.56) 1.87 

1-5 2.70 (0.06) 3.07 (0.08) 3.85 (0.06) 4.23 (0.16) 4.90 (0.20) 2.08 (0.12) 29.08 (2.01) 2.37 

2-3 2.83 (0.03) 3.75 (0.17) 4.31 (0.04) 4.59 (0.04) 4.75 (0.04) 2.64 (0.30) 25.14 (5.10) 1.18 

2-4 2.60 (0.30) 3.48 (0.05) 3.83 (0.03) 4.10 (0.04) 4.80 (0.21) 2.26 (0.20) 26.64 (3.41) 1.73 

2-5 2.77 (0.13) 3.45 (0.05) 4.11 (0.08) 4.41 (0.01) 4.77 (0.21) 2.41 (0.17) 26.40 (2.98) 2.19 

3-4 3.74 (0.03) 4.65 (0.05) 5.07 (0.17) 5.47 (0.11) 5.99 (0.34) 3.38 (0.18) 28.05 (3.07) 1.46 

3-5 3.27 (0.08) 4.18 (0.19) 4.78 (0.25) 5.63 (0.06) 6.07 (0.03) 2.67 (0.14) 35.20 (2.47) 1.85 

4-5 4.67 (0.22) 6.20 (0.17) 6.54 (0.10) 6.99 (0.24) 8.05 (0.15) 4.20 (0.38) 37.07 (6.46) 1.27 
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3.2 Shear deformation properties 
 

Figure 4 shows the shear stress-shear displacement 

curves of the composite samples under different normal 

stresses. The results show that the shear stress increases 

linearly to the peak with the increase of shear displacement. 

However, after the peak shear stress, there are two type of 

shear behaviors under different normal stresses, which 

correspond to two typical curves. 

• Under the lower normal stress, the shear stress drops 

sharply after the peak stress, showing brittle failure. Then, 

the shear stress slowly decreases to the residual strength. 

• Under the higher normal stress, the shear stress  

 

 

gradually decreases in post-peak stage until the residual 

behavior. 

This phenomenon was also observed in shear tests of 

concrete-rock. Analysis shows that this is due to the 

difference frictional force of the material after bond failure 

under different normal stresses (Saiang et al. 2005, Tian et 

al. 2015, Mouzannar et al. 2017). The comparison shows 

that the drop of shear stress is more obvious for the 

composite samples with larger λ, that is, the difference in 

mechanical properties of the two materials will increase the 

brittleness of the shear failure of the composite samples. For 

composite samples with components No. 1 or No. 2 

material, under high normal stress, the shear peak is not  

  
(a) No. 4-5 λ=1.27 (b) No. 3-4 λ=1.46 

  
(c) No. 2-4 λ=1.73 (d) No. 1-4 λ=1.87 

  
(e) No. 2-5 λ=2.19 (f) No. 1-5 λ=2.37 

 
Fig. 4 Shear stress-shear displacement and normal displacement-shear displacement curves. Note that a positive slope of the 

normal displacement–shear displacement curves indicates dilation while a negative slope indicates compression 
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obvious and the curve after the peak declines slowly, 
showing a certain softening behavior (Figs. 4(c)-(f)). This 
indicates that the post-peak behavior of the sample is  

mainly controlled by the weak component material under 

high normal stress (Ghazvinian et al. 2010, Wu et al. 2018). 

The dotted curves in Fig. 4 display the normal 

displacement of the composite sample during shearing. It 

was observed that the sample had a slight compression at 

the initial stage of shear. In the subsequent shearing process, 

the sample exhibited dilation under low normal stress. As 

the normal stress increased, the dilation gradually weakened 

and eventually turned to compression. By comparison, the 

normal stress required for the sample with a larger λ to 

change from dilation to compression is lower. For example, 

samples No. 2-4 (λ=1.73) and No. 3-4 (λ=1.46), show 

compression under normal stress of 3 MPa and 4 MPa, 

respectively (Figs. 4(b)-(c)). Under the same normal stress, 

samples with larger λ produce smaller dilation or greater 

compression. These results show that the stronger material 

will damage the weaker material in the shear process, and 

there is extrusion wear, which is positively correlated with 

the degree of differences in material mechanical. This is the 

main form of weak material controlling the shear behavior 

of composite sample under high normal stress. 
 

3.3 Characteristics of shear failure surface 
 

The forms of the shear failure of the composite samples 

were observed. As shown in Fig. 5, the normal stress and 

the differences in mechanical properties of the materials 

have a significant effect on the location and morphology of 

the shear failure surface of the composite samples. 

The failure surface of composite sample always formed 

at the weak material side near the contact interface, and the 

weak material is locally bonded to the strong material side. 

 

 
Comparing the samples with different mechanical 

differences in materials (Fig. 5(a)), it is found that with the 

increase of λ, the weak materials bonded on the strong 

material side becomes thinner, and the failure surface 

approaches the contact interface gradually. The analysis 

shows that the bond strength of the contact interface 

decreases with the increase of the mechanical difference, 

which makes the shear failure easier to form near the 

interface rather than in the weak material. Zhao et al. (2018) 

found similar results in the shear tests of foam concrete-

rock. 

The shear failure surface morphology of the composite 

samples is affected by the normal stress and the difference 

in mechanical properties of the materials. Under low normal 

stress (Fig. 5(a)), the surface morphology of the sample 

with small difference in material mechanical has many 

crests with large undulation. With the increase of the 

difference in material mechanical, the surface tends to 

flatten, showing a brittle shear failure. However, for 

composite samples with larger λ, the increase of normal 

stress will aggravate the undulation of shear failure surface. 

Taking sample No. 2-5 as an example (Fig. 5(b)), as the 

normal stress increases, the failure surface gradually 

changes from flat to many smaller crests. These results 

indicate that the influence of normal stress on the 

morphology of the failure surface is affected by the 

mechanical differences of the materials, which is different 

from the general conclusion that increasing normal stress 

will reduce the undulation of the failure surface 

(Ghazvinian et al. 2010, Li et al. 2015). Analysis shows that 

this can be attributed to two reasons: first, the difference in 

mechanical properties of the material will increase the 

brittleness of shear failure, and second, the extrusion wear 

will occur more easily under high normal stress. 

   

No. 1-2  λ=1.08 No. 4-5  λ=1.27 No. 3-4  λ=1.46 

   
No. 2-4  λ=1.73 No. 1-4  λ=1.87 No. 2-5  λ=2.19 

(a) σn = 1 MPa 

   

σn=2MPa σn=3MPa σn=5MPa 

(b) Sample No. 2-5 

Fig. 5 Shear failure surface of composite sample 
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Fig. 6 Shear test model of composite sample 

 

Table 3 Mesoscopic parameters of the numerical model 

Minimum 

radius (mm) 

Radius 

ratio 

Density 

(kg/m3) 

Friction 

coefficient 

Radius 

multiplier 

Proximity 

(mm) 

0.35 1.44 3600 1.0 1.5 1.8e-5 

 

Table 4 Mesoscopic parameters of three types of numerical 

model 

 Mesoscopic parameters 
Sample number 

2 4 5 

Particle     

E 
Effective modulus 

(GPa) 
0.40 0.68 0.57 

kn / ks Stiffness ratio 2.70 3.10 2.85 

Parallel 

bond 
    

 
Effective modulus 

(GPa) 
0.40 0.68 0.57 

/  Stiffness ratio 2.70 3.10 2.85 

 Tensile strength 

(MPa) 

3.60 ± 

0.72 
8.20 ± 1.64 

6.13 ± 

1.23 

 Cohesion (MPa) 
4.02 ± 

0.80 
8.83 ± 1.77 

6.08 ± 

1.22 
 
 

4. Numerical simulation of shear failure 
 
4.1 Model construction and calibration 
 

The shear failures of composite samples No. 2-5 and 

No. 4-5 under normal stress of 1 MPa and 3 MPa were 

simulated, respectively, and the effects of the difference in 

mechanical properties of the materials and the normal stress 

on the sample were studied from a meso level. 

As shown in Fig. 6, the composite model is 100 mm × 

100 mm and is divided into two parts 50 mm in height 

along the normal direction, representing the two materials 

that constitute the composite sample. Control the activation 

direction of the wall in the model, so that the two material 

elements at the contact interface contact freely within the 

range of 1 times the minimum particle radius in the normal 

direction to form a realistic contact interface. The numerical 

model used the parallel bonding model, and the mesoscopic 

parameters of the interface are the same as those of the 

stronger material. The numerical model of a single material 

is different from the composite model only in the 

component of the material. 

Table 5 Reduction factors of mesoscopic parameters 

Model 

number 

Normal stress 

(MPa) 
kE kr kt kc 

2-5 
1 0.73 1.47 0.60 0.64 

3 0.60 0.76 1.08 0.63 

4-5 
1 0.90 1.52 0.68 0.66 

3 0.96 0.95 1.13 0.76 

 

 

There are many mesoscopic parameters in the numerical 

model, and there is no clear relationship between the 

mesoscopic parameters and the macro response. As listed in 

Table 3, the parameters with a weaker influence on the 

model were set in advance. Subsequently, the orthogonal 

design method (Khazaei et al. 2015, Wang et al. 2020), 

which involves changing one parameter while keeping other 

parameters constant, was used and a series of tests were 

conducted based on the test results of the single material 

sample in Table 1. Finally, the mesoscopic parameters of the 

three types of single models were determined and listed in 

Table 4. 

The calibration of the meso-parameters of the composite 

model was achieved by reducing the mesoscopic parameters 

of the single material models and assigning them to 

different component materials of the composite model. The 

reduction is mainly due to the size effect between the 

composite model material and the single model material, 

and the interaction between the different materials. The 

modulus (E, E , kn/ks, nk / sk ) and strength (
t , 

c ) 

parameters of the two component materials are respectively 

multiplied by the same factor to achieve the reduction. The 

reduction factors of elastic modulus, stiffness ratio, tensile 

strength and cohesion were defined as kE, kr, kt and kc, 

respectively. Based on the test results, after a series of tests, 

the reduction factors corresponding to the composite 

models No. 2-5 and No. 4-5 under normal stresses of 1 MPa 

and 3 MPa were determined, respectively, as listed in Table 

5. 
 

4.2 Shear damage evolution model 
 

The energy conversion and crack development 

characteristics of composite samples under different normal 

stress were observed, as shown in Fig. 7. The results show 

that under different normal stresses, the shear damage 

evolution of the composite model can be divided into two 

typical modes, corresponding to two typical shear stress-

shear displacement curves in Section 3.2. 

Mode 1: Elastic-shearing-frictional sliding 

As shown in Figs. 7(a)-(b), under low normal stress, the 

model is in the elastic state at pre-peak stage. The strain 

energy and bond energy of the model increases with the 

increase of the boundary energy, and the frictional energy is 

lowered. When the shear stress reaches the peak value, the 

shearing failure occurs. The strain energy and bond energy 

decrease sharply, and the frictional energy increases rapidly, 

with the rapid growth of tensile cracks. After shearing, the 

materials on both sides of the failure surface frictional 

sliding, the strain energy and bond energy gradually  

Vel =0.05m/s

Shear
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decrease, and the frictional energy slowly increases, with a 

small number of tensile cracks. 

Mode 2: Elastic-extrusion wear 

As shown in Figs. 7(c)-(d), under high normal stress, the 

pre-peak stage of the model is similar to the elastic phase of 

model 1. The extrusion wear of the model occurred at post-

peak stage. The strain energy and frictional energy of the 

model increase slowly, while the bond energy decreases 

slowly. Tensile-shear cracks generates in the model and 

increase continuously. There were several small fluctuations 

in the increase of the bond energy and number of cracks, 

indicating that there were many local shearing failures. 

The contact and friction states of the model elements 

after bond failure under different normal stresses are the 

main factors that form the two evolution modes. The 

analysis shows that under low normal stress, the contact  

 

 

force of the particles disappears or changes into sliding 

friction force immediately after bond failure, the bond 

failure expands rapidly, shear stress decreases greatly, and it 

appears as a brittle failure on macro (mode 1). Under high 

normal stress, the particles remain in close contact after the 

bond failure, there is a large frictional force, and the bond 

failure gradually, resulting in a gradual decrease in shear 

stress, and no brittle failure characteristics on macro (mode 

2). In addition, the linear increase of frictional energy under 

high normal stress indicates that the magnitude of the 

frictional force is relatively stable, which is different from 

the conclusion that the frictional force increases gradually 

during the shearing of concrete-rock (Saiang et al. 2005, 

Tian et al. 2015). These results can explain the formation 

mechanism of two typical shear stress-shear displacement 

curves at meso level. 

  

(a) σn = 1 MPa (b) σn = 1 MPa 

  
(c) σn = 3 MPa (d) σn = 3 MPa 

 

Fig. 7 Shear damage evolution of the composite model under normal stresses of 1 MPa and 3 MPa. (a), (c) Model No. 2-5, λ 

= 2.19 and (b), (d) model No. 4-5, λ = 1.27 
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4.3 Shear interaction of composite model 
 

The distribution and development of cracks during the 

shearing process of the composite model were observed. 

Figure 8 shows the crack distribution of the composite 

model under different shear states, in which points a and c 

represent the shearing position, points b, d, e and g 

represent the shear displacement of 2.75 mm, and points f 

and h represent the shear displacement of 3.75 mm, as 

shown in Fig. 7. 

The analysis shows that extrusion wear is the main form 

of shear interaction of the composite model under high 

normal stress. After the model is sheared under low normal 

stress, the materials on both sides of the failure surface 

slides along the surface, and the number and distribution of 

cracks change a little (Figs. 8(a)-(d)). Under high normal 

stress, the materials on both sides of the failure surface 

continued to be damaged in post-peak stage, and the cracks 

in the weak material near the failure surface continued to 

expand (Figs. 8(e)-(h)). Therefore, the nature of extrusion 

wear in mode 2 is the secondary failure of the undulating 

structure formed at the pre-peak stage of the model under 

high normal stress.  

Analysis of the types and locations of cracks revealed 

that compared with low normal stresses, more cracks were 

generated in the weak material under high normal stress, 

more shear cracks than tensile cracks, and fewer cracks in 

the strong material. The results show that with the increase 

of normal stress, the failure type of the weak material 

changes from tensile to tension-shear, which aggravates the 

extrusion wear of the model. 

The differences in mechanical properties of the 

materials have a significant effect on the shear brittleness  

 

 

and interaction of the composite model. Under low normal 

stress, the failure surface of model No. 2-5 (λ=2.19) is 

flatter than that of model No. 4-5 (λ=1.27), and the crack 

distribution is more concentrated (Figs. 8(a)-(d)). Under 

high normal stress, the failure of weak materials in model 

No. 2-5 is more serious, the cracks distribution is wider, and 

the shear cracks are more (Figs. 8(e)-(h)). Therefore, the 

increase of the mechanical difference of the sample will 

enhance the shear brittleness under lower normal stress and 

the shear interaction under higher normal stress. This is 

consistent with the test results in Section 3.3. 
 

 

5. Conclusions 
 

Based on the analysis of the test and numerical 

simulation, some conclusions have been made as follows: 

• The differences in mechanical properties of the 

materials and the normal stress have obvious regular effects 

on the shear strength of contact zone composite samples. 

The shear strength of composite sample lies between that of 

the two component materials, and the interface between 

different materials has a high bond strength and cannot be 

regarded as a weak surface. The differences in mechanical 

properties of the materials weaken the shear strength of the 

composite sample, and the normal stress will inhibit the 

weakening. 

• Due to the difference in brittleness, the composite 

samples exhibit two typical shear deformation modes under 

different normal stresses, corresponding to two meso-

damage evolution modes: elastic-shearing-frictional sliding 

and elastic-extrusion wear. Under low normal stress, the 

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

 
Fig. 8 The crack distribution of the composite model under different shear states, and the positions of the state points a ~ h 

are shown in Fig. 7 

Weak material Strong material Tensile crack Shear crack
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contact of material disappears or becomes sliding friction 

immediately after bond failure, but under high normal 

stress, the material still maintains close contact after bond 

failure, and there is larger frictional force, and the bond 

failure gradually. 

• There is extrusion wear between the materials of 

the composite model under high normal stress, which is 

positively correlated with normal stress and the degree of 

differences in mechanical properties of the materials. The 

nature of extrusion wear is the secondary failure of the 

failure structure under normal-shear stress. Increasing the 

normal stress will cause the change of failure type from 

tensile to tensile-shear. Under high normal stress, the extent 

and range of extrusion wear will increase as the degree of 

difference in mechanical properties of materials increases. 

• The position of the shear failure surface of the 

composite sample gradually approaches the interface with 

the increase of the difference in mechanical properties of 

the materials. Increasing the normal stress will aggravate 

the undulation of the failure surface, and the influence of 

the difference in materials on failure surface is related to 

normal stress. This is attributed to the fact that the 

difference in mechanical properties of the material increases 

the brittleness of shear failure under low normal stress. 

However, the material is more susceptible to extrusion wear 

under high normal stress. 
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