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1. Introduction 
 

Opening-mode cracks are extremely common in the 

layered rocks (Liu et al 2017, Ferrill et al. 2012, Chang et 

al. 2015, Arora and Mishra, 2015, Jesus et al. 2016). Many 

field observations, physical experiments and numerical 

models have revealed that there is a direct connection 

between the crack spacing and the thickness of cracked 

layers. In situ studies by Bejari and Hamidi (2013), Gross et 

al. (1995), Guo et al. (2017) indicated crack spacing in the 

rock sequences was approximatively proportional to the 

cracked layer thickness. The crack formation process was 

described as ‘crack infilling’ and final state that no new 

cracks can further infill was the ‘crack saturation’. Tang et 

al. (2008) demonstrated crack infilling process based on a 

progressive damaged model. Their study indicated that the 

stress sate in a crack-bound block also changed from tensile 

to compressive if the crack spacing decreased to a low 

level. 

These aforementioned experimental, analytical and 

numerical analyses, including revealing the relationship 

between the cracked layer thickness and the crack spacing 

or the mechanical explanation for crack saturation, are 

mostly based on the three-layer model. For a layered-rock 

system, there always exists a top layer, as indicated in Fig.1, 

which is quite different from other layers because it has 

only one bounding layer, the substrate one. This indicates 

that the crack behaviour for the top layer should be different  

from other layers; however, the crack behaviour of the top 

rock layer is seldom considered. Engelder and Fischer  
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Fig. 1 Examples of crack pattern for top rock layer. The 

vertical cracks are periodically distributed 

 

 

(1996) have systematically investigated driving 

mechanisms for cracks in rock based on Griffith energy-

balance concept, including mud cracks and columnar 

jointing and their studies greatly improve the understanding 

of cracks in rocks. However, the formation mechanisms for 

those parallel discontinuities and their interaction with those 

VCs in layered rock are still unclear. The lack of 

investigation of the crack behaviour of the top layer has 

limited the deep and complete understanding of the crack 

spacing problem of layered rocks. Obviously, the 

extensively adopted three-layer model is not suitable for 

further investigation of crack behaviour of the top layer. In 

this study, a two-layer model is therefore developed to 

investigate the crack behaviour of the top layer of the rock 

sequences. The interface is defined as the bound between 

layers. 
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2. Numerical model 
 

Continuum damage mechanics has become a common 

tool to solve the multi-cracking problem. In this study, also, 

a plastic damage model is adopted to simulate the 

progressive failure of rocks. The Drucker-Prager yield 

criterion is adopted (Ben-Zion and Lyakhovsky 2002), 

which is described as 

2I J k  
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where σ1, σ2 and σ3 are the three principal stress. 
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where c and φ is the cohesion and angle of internal friction. 

The yield function can be described as (ABAQUS, 

2009) 
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where 
pl

c  is effective plastic strain for compression) and 

 pl

t  is effective plastic strain for tension; ζ and γ are the 

material constant; 0 0 b c is the initial equibiaxial  

compressive yield stress to initial unaxial compressive yield 

stress ratio; max ef
is the maximum principal effective stress. 

Kc is the shape of yield function in meridian plane. q and p 

are the Mises equivalent stress and the hydrostatic pressure, 

respectively. 
The stress-strain relations for the material under 

compressive as well as tensile loading is need to reflect the 
material response. A damage variable (d) is employed to 
account for the progressive degradation of the material. For 
the rock material under compression, the stress-strain 
relationship proposed by Aydan et al. (1993) is adopted 
(indicated in Fig. 2(a)) 

0.172
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(10) 

where ɛe is the maximum elastic strain;
pl

c is the plastic 

strain and σc is the compressive strength in MPa. 

For rock mass under compression, the evolution of the 

compressive damage (dc) can be determined by the Eq. (11) 

(Tang 1997) 
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where 0

c  
is the compressive strain at peak stress; and 

limc is the ultimate strain at failure. 

And the tensile damage variable(dt)is described as (Tang 

1997) 
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where 
0

t  is the tensile strain at elastic limit; and t lim
is 

the ultimate strain at failure. And Ec is the elastic modulus 

for the rock mass. Examples for evolution of these damage 

variables are illustrated in Fig. 2. 

The common approach for interaction between layers is 

too simplified that the layers are bonded together without 

any slip. The Coulomb friction model (indicated in Fig. 

2(e)) relates the shear stress across the interface to the 

contact pressure between the rock layers. The Coulomb 

friction model cannot capture the stress decrement along the 

interface. In recent years, the cohesive zone model (CZM) 

suggested by Dugdale (1960) has been extensively adopted 

to describe the interaction between two materials, due to its 

simple formulation (Shor and Vaziri, 2017 and Zhang 

2017).  In this paper, as an attempt to model the interfacial 

behaviour, the CZM is introduced to model interfaces 

between layers. The properties of the CZM are defined by a 

traction model (Fig. 2(f)). The shear stress (τ) is mobilized 

by and proportional to the relative shear displacement (δ). 

As the ascending branch increases to the shear strength 

(τmax), a linear softening branch followed and then a 

constant stage. The relationship between the shear strength 

and the residual shear strength (τr) can be described as 

max r  
(13) 

where β is residual shear strength factor. 
As stated before, a two-layer model composted of top 

layer and its substrate layer is developed in this study. The 
FEM model is indicated in Fig. 3. The four-node plane 
element (CPS4R) is used for the rock layers. And the 
cohesive element (COH2D4) is adopted for the cohesive  
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Fig. 3 Element mesh and boundary conditions for two-

layer rock system. x direction is parallel to the layers and 

y direction is vertical to the layers. The CZM is a very 

thin layer between the top layer and its substrate layer. A 

path is defined along the bottom boundary of the top 

layer 
 
 

zone. In this study, the Young modulus, Poisson’s ratio and 
compressive strength for the top layer are 50GPa, 0.2 
and100MPa, respectively. And the Young modulus, 
Poisson’s ratio and compressive strength for the top layer 
are 15GPa, 0.2 and 300 MPa, respectively (Li et al. 2012). 

The thickness for the top layer is 20mm. The substrate 
layer has the same thickness of 20 mm. The model has a 

 
 

width of 500 mm. For this layered model, the top layer and 

its substrate layer are connected by the CZM. The bottom of 

the model in the direction (vertical to the layers) is fixed 

and its middle in the direction (parallel to the layers) is also 

fixed. Displacements are applied on the right and left sides. 

The existing studies indicated that these cracks in the 

layered rock may form at depth and carry to the surface 

during exhumation (Engelder et al. 2009). Therefore, a 

constant overburden pressure (P) is applied at the top 

boundary. 
 

 

3. Numerical results 
 

3.1 Model verification 
 

As mentioned above, crack spacing by three-layer 

system have been extensively investigated and the results 

are well accepted. Therefore, the three-layer system is 

firstly used to verify the model adopted in this paper. In the  

  
(a) Rock in compression (b) Rock in tension 

  
(c) Damage variable in compression (d)Damage variable in tensile 

  

(e) Column model (f) CZM model 

Fig. 2 Material models: fc and ɛc are compressive stress and strain for rock under compressive; ft and ɛt are tensile 

stress and strain for rock under tensile condition 
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(a) Model for layered rocks with four equally spacing 

cracks. The x-axis is parallel to the interfaces and 

perpendicular to the cracks. The y-axis is perpendicular 

to the layer interfaces. The bottom boundary is fixed in y-

direction, with the middle point fixed in the x-direction as 

well. A displacement is imposed on the left and right 

sides of the model and a pressure is applied on the top 

 
(b) Results of Bai and Pollard (2000) 

 
(c) Results from this study 

Fig. 4 Verification of the numerical model 
 

 

same method (Bai et al. 2000, Tang et al. 2008), a three-
layer system with four cracks pre-assigned in the central 
layer is adopted, as indicated in Fig 4(a). These four cracks 
are equally spaced and vertical to the layer interfaces. The 
central layer thickness is Tf=20 mm. The model thickness is 
80 mm. The model bottom is fixed in the y-direction and 
it’s the middle point is further fixed in the x-direction. 
Uniform tensile loads are applied at the left and right 
boundaries in x-direction. Following Bai et al. (2000), the 
three-layer system is loaded by a constant pressure of 5 
MPa in y-direction. The materials parameters are also same 
as those used by Bai et al. (2000) and Tang et al. (2008). 
Then the evolution of the stress distribution is examined 
with various crack spacing to the cracked layer thickness 
ratios. In their studies, the layer interfaces are assumed to be 
perfectly welded; therefore, an enough high shear strength 
(18 MPa) for interface is adopted to preclude the interface 
cracks. 

As shown in Fig. 4(b) and 4(c), the normalized stress 

(σx/σxmax) at the midpoint varies with different crack spacing 

to the cracked layer thickness ratios. It indicates that the  

 
(a) Arrangement of cracks 

 
(b) Details for two central cracks. T is the thickness of the 

crack layer and S is the crack spacing. Line OO’ is 

between the two central cracks along the bottom 

boundary of the surface layer 

Fig. 5 Numerical model for two-layer system with four 

pre-assigned vertical cracks 

 

 
Fig. 6 Stress state between two central cracks changes 

from tensile to compressive with the decreasing of crack 

spacing to layer thickness ratio (S/T). The tensile stress is 

positive while the compressive stress is negative 

 

 

 
Fig. 7 Normal stress in the direction perpendicular to 

cracks at middle point of OO’ as a function of applied 

tensile strain for various crack spacing to layer thickness 

ratios (S/T). The tensile stress is positive while the 

compressive stress is negative 
 

 

threshold for crack spacing to the cracked layer thickness 

ratio is about 1.0. This threshold determines the stress state 

between the adjacent cracks: when the crack spacing to the 

cracked layer thickness ratio is lower this threshold the 

normal stress along the line AA’ is compressive, and if the 

crack spacing to the cracked layer thickness ratio is greater 

than the threshold the normal stress is tensile. The results 

agree well with the results obtained by Bai et al. (2000). 
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Fig. 8 Crack process for interface shear strength of 7.2 

MPa. SDEG ranging from zero to one is used to describe 

the evolution of damage variable 

 

 
Fig. 9 A typical evolution process of the VC. The VC 

always initiates at the bottom of the top layer and 

propagates to its top. SDEG ranging from zero to one is 

used to describe the evolution of damage variable 

 

 
Fig. 10 Crack process for the interface shear strength of 

16.0 MPa. A VC initiates at point B; however, it cannot 

further propagate to the top of the top layer due to the 

occurrence of the PCs 

 

 

3.2 Evolution of stress state 
 

To clear understanding the formation mechanisms of the 

VCs in the top layer, the stress distribution that governs the 

crack behaviour is also investigated firstly and the failure 

for the two-layer system are not considered in this section. 

A conceptual model with four VCs existing in the top layer 

is also adopted. These cracks have the equal spacing with 

an opening of 2 mm, as indicated in Fig. 5. Also, a constant 

overburden pressure of 2 MPa is applied on the top of the 

model. 

With this three-layer system, the evolution of the stress 

state is investigated with varied crack spacing (S) to cracked 

layer thickness (Tf) ratio (S/Tf). To show how the stress 

distribution varies as a function of S/Tf, the distribution of  

 
Fig. 11 Crack process for the interface shear strength of 

12 MPa. The PCs propagate in a thin layer of the top 

layer near the bottom boundary while the interfacial 

cracks propagates in the cohesive zone 

 

 

normalized normal stress (σx/σxmax) versus the normalized 

position (x/S) along line OO’ for various S/Tf is shown in 

Fig. 5, where the tensile stress is positive. The two-layer 

model is elastic and the failure for the rock and interface is 

not considered in this section. For all the models, the elastic 

constants are same and the applied tensile strain is also the 

same of 0.01. According to Fig. 6, the stress is tensile when 

S/Tf is 2.2 or greater; while the stress along the line OO’ 

changes to compression (negative) if the ratio is less than 

2.2.  This indicates that there exists a threshold for S/Tf, 

which characterizes the stress state transition between the 

two cracks. This conclusion is similar to Bai et al. (2000) 

from the three-layer model except that the threshold for S/Tf 

is about 1.0 even with the same material parameters. Fig. 7 

gives the values of σx at middle point of line OO’ for 

different applied tensile strain. It can be seen that the 

applied tensile strain only affects the magnitude of the 

tensile stress but not its sign. Therefore, the threshold for 

S/Tf is independent of the applied tensile load. 

 

3.3 Crack patterns 
 

It can be confirmed there exists a stress state transition 

in a crack-bound block in the two-layer system based on 

discussion in previous section. In this section the crack 

behaviour of the two-layer system but without existing 

cracks is modeled.  

Fig. 8 shows the numerical crack infilling process for 

the interface shear strength is 7.2 MPa. Firstly (Figs. 8(a)-

8(e)), the VCs initiate at the bottom of the top layer and 

propagates to its top. A typical evolution process of VC is 

indicated in Fig. 9. With the increasing of tensile load, the 

new VCs sequentially infill between two adjacent early 

formed cracks. In the second stage (Figs. 8(f)-8(k)), the ICs 

occurs near these VCs as the applied tensile load reaches a 

certain value.  In the following stage, the ICs initiates at 

the ends of the VCs and propagates to their adjacent cracks. 

The ICs can decrease the stress transferred from the 

substrate layer, and thus no more new cracks can further  
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Fig. 12 Evolution of tensile stress along the path and interfacial shear stress for case of shear strength higher than the 

threshold (τmax=7.2 MPa, τcr=12 MPa). The letter ‘P’ indicates the parallel crack zone 

 

Fig. 13 Evolution of tensile stress along the path and interfacial shear stress for case of shear strength higher than the 

threshold (τmax=16 MPa, τcr=12 MPa). The letter ‘P’ indicates the parallel crack zone 
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infill during the process of ICs. As a result, the state of 

“crack saturation” is obtained (Fig. 8(k)).  
Fig. 10 shows the numerically obtained crack infilling 

process for the interface shear strength is 16.0 MPa. For this 
case, the crack process also consists of two stages. Firstly, 
the VCs are the dominated failures that the VCs infill 
continually between two earlier formed adjacent cracks 
(Figs. 10(a)-10(f)). Because of the high shear strength, no 
ICs can occur in this case. However, cracks parallel to the 
layer interface (parallel crack hereafter, PC)) can initiate at 
the ends of the VCs and propagate to their adjacent VCs in 
the second stage (Figs. 10(j)-(h)). Once the PC occurs, no 
more VCs can further infill. As indicated in Fig. 10, a VC 
initiates at point B, but it cannot propagate further to top of 
the top layer during propagation of the PCs. This indicates 
that the PCs can also decrease the stress transferred from 
the substrate layer to exclude the further infilling of the 
VCs.   

Fig. 11 illustrates the crack process with interfacial 

shear strength of 12 MPa. For this case, the VCs initiate at 

the bottom of the top layer and propagate to its top is the 

first stage, which is the similar process of crack infilling. 

However, with the increasing of the applied tensile load, 

both the ICs and the PCs can be formed, as indicated in Figs 

11h-j. It should be noted that both the ICs and the PCs are 

parallel to the layer interfaces; however, they are quite 

different. The ICs occur in the cohesive zone between two 

layers; while the PCs mainly form in a thin zone near the 

interface, as illustrated in Fig. 11(i). 

 

 

Figs. 8, 10 and 11 give three typical crack processes for 

cases with different interfacial shear strength. Further 

analysis indicates that if the interfacial shear strength is 

lower than 12 MPa, only the ICs occurs after crack infilling 

process. If the interface shear strength is greater than 12 

MPa, the PCs are formed while the ICs is excluded. 

Therefore, the crack pattern of the two-layer system seems 

to be controlled by the interfacial shear strength. There 

exists a threshold for interfacial shear strength (τcr): If τmax is 

lower than τcr, the VCs in the top layer and ICs can occur; If 

τmax is greater than τcr, the top layer is cracked by the VCs 

and PCs; If τmax is comparative to τcr, a combining pattern of 

VCs, PCs and IC can be observed. For the given material 

parameters mentioned above, the threshold for shear 

strength of the two-layer system is about 12 MPa. 
In the existing studies, the VCs in the layered rocks are 
extensively investigated; however, the discontinuities 
parallel to the layer is seldom discussed. According to the 
crack patterns of the layer system, the discontinuities 
parallel to the layers are induced by ICs, PCs, or their 
coupling behaviour. 
 

3.4 Evolution of stress distributions during crack 
infilling process 
 

To further explore the stress distributions during the 

crack infilling process, a path along the bottom line of the 

top layer is defined, as indicated in Fig. 3. The evolutions of 

the tensile stress along the path for these three typical crack 

 

Fig. 14 Evolution of tensile stress along the path and interfacial shear stress for case of shear strength higher than the 

threshold (τmax=12 MPa, τcr=12 MPa). The letter ‘P’ indicates the parallel crack zone 
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patterns are presented in Figs. 12, 13 and 14 as well as the 

interfacial shear stress, where tensile stress and interfacial 

shear stress are normalized by their maximum values.  

The evolutions of the tensile stress and shear stress for 

case of τmax<τcr (τmax=7.2 MPa, τcr=12 MPa) are illustrated 

in Fig. 12. For each crack-bound block, the tensile stress at 

the middle location along the path always reaches its peak 

value and therefore new crack is easy to initiate at this 

location. Once a VC forms, the tensile stress at the crack 

drops to zero. Because of the stress concentration near the 

VCs, the ICs always initiates at the ends of the VCs, as 

indicated in Fig.12. The ICs can obviously reduce the 

tensile stress in the crack-bound blocks and thus exclude the 

further infilling of the VC.  

For case of τmax>τcr (τmax=16.0 MPa, τcr=12 MPa), the 

evolutions of the tensile stress and shear stress are presented 

in Fig. 13. Before formation of the PCs, the distributions of 

the tensile stress and interfacial shear stress are similar to 

case of interfacial shear strength lower than the threshold. If 

the VCs form, the tensile load between two adjacent VCs in 

the top layer is transmitted from the substrate layer through 

the interfaces. It can be seen from Fig. 13 I and II the tensile 

stress near a VC is almost zero; however, the shear stress 

reaches its peak value near a VC. According to Fig 13 I and 

II, the peak shear stress always exists at the tip of a PC 

during its propagation process. This indicates that the 

interfacial shear stress induces the PCs. With the 

propagation of the PCs, the tensile stress for each crack-

bound block and the interfacial shear stress drop to zero, as 

indicated in Fig. 13 III. Therefore, the formation of the PCs 

also reduces the load transmitted from the substrate layer 

and in turn to exclude the infilling of the VCs.  

Fig. 14 shows the evolutions of tensile stress and shear 

stress for case of τmax comparative to τcr (τmax =12.0 MPa, 

τmax=12 MPa) It is indicated that the PCs can reduce the 

tensile stress and shear stress to zero. However, residual 

tensile stress and interfacial shear stress exist for the cracks 

zone (Fig. 14III) 

 
 

4. Parametric studies 
 

4.1 Influence of shear strength of CZM on S/Tf 
 

As discussed in this study, the crack spacing is kept 

constant after “crack saturation”. Therefore, S/Tf at crack 

saturation (Ss/Tf) can be considered as an important 

parameter to reflect the behaviour of the layered system.  

In this section, the shear strength τmax with varied values 

is discussed. The relationship between Ss/Tf and τmax is 

presented in Fig. 15. Once top layer is cracked by the 

tensile load no more VCs can further form since the tensile 

load cannot be transmitted from the adjacent layers with the 

shear strength of zero. Thus, the average fracturing spacing 

is L/2 (L is the length of the top layer) and Ss/Tf achieves it 

maximum value of 12.5 for case that shear strength is zero. 

The value of Ss/Tf decreases with increasing of the shear 

strength, as indicated in Fig. 15. However, Ss/Tf is almost 

kept the constant even with the further increasing of the 

shear strength if the shear strength is higher than 12 MPa. 

This means that the threshold for shear strength is 12  

 
Fig. 15 Influence of shear strength on crack spacing to 

layer thickness ratio at crack saturation (Ss/Tf). If the 

interface shear strength (τmax) is lower than 12 MPa, Ss/Tf 

decreases as increasing τmax; If τmax is greater than 12 

MPa, Ss/Tf is kept constant with further increasing 

τmax. Thus, the point where Ss/Tf cannot further 

increase is defined as the threshold for interface shear 

strength (τcr) 

 

 

Fig. 16 Influences of thickness of substrate layer on crack 

spacing to layer thickness ratio at crack saturation (Ss/Tf) 

 

 
(a) Threshold for shear strength 

 
(b) Crack spacing to layer thickness ratio at crack saturation 

Fig.17 Influences of compressive strength of top layer 
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Fig. 18 Influences of overburden pressure 

 

 

MPa. The corresponding Ss/Tf is about 3.2. Obviously, the 

shear strength has critical influences on Ss/Tf only for case 

of τmax <τcr. 

For the concept model mentioned above, Ss/Tf is about 

1.3. However, Ss/Tf ranges from 12.5 to 3.2 if ICs and PCs 

are considered. This demonstrates that the ICs and the PCs 

can interrupt the crack infilling process and lead to a 

premature state of crack saturation compared with the 

concept model. 

 

4.2 Influence of thickness of substrate layer 
 

In this section, the influence of thickness of substrate 

layer on Ss/Tf is investigated. Two series of numerical 

results are illustrated in Fig. 16, one for shear strength of 

7.2 MPa and the other for shear strength of 16.0 MPa. For 

each series, the thickness of the substrate layer ranges from 

5 mm to 100 mm. The results indicate that the thickness of 

the substrate layer has negligible effect on the crack spacing 

to layer thickness ratio at crack saturation, Ss/Tf. 

 

4.3 Influence of strength of top layer 
 

Fig. 17 shows the influences of compressive strength of 

the top layer on τcr. The compressive strength of the top 

layer ranges from 20 MPa to 250 MPa. For each model with 

varied compressive strength, the interfacial shear strength is 

adjusted to obtain the τcr and Ss/Tf. The results indicate that 

τcr increases with increasing the compressive strength of the 

top layer. And Ss/Tf also increases as increasing the 

compressive strength. 
 

4.4 Influence of overburden pressure (P) 
 

In this section, various values for P are adopted to 
influences of overburden pressure on the threshold for shear 
strength while other parameters are unchanged.  The result 
indicates that the value of P has no obvious influences on 
the threshold for shear strength as P increases from 0.0MPa 
to 8 MPa. If P ranges from 0.0 MPa to 2 MPa, Ss/Tf is 
almost at the same level. However, if P exceeds 2MPa, Ss/Tf 
decreases as P increases. 
 

 

5. Conclusions 
 

Crack behaviour of top layer in layered rocks is 

discussed based on a two-layer system in this study. The 

following conclusions could be suggested. The interface 

delamination and interface debonding are quite different. 

The interface delamination always occurs if the interface 

shear strength is lower. The formation of the interface 

delamination can reduce the load from the adjacent layers 

and thus prevent or delay the further infilling of vertical 

cracks. The interface-parallel cracking occurs at a higher 

interface shear strength. As a result, the interface 

delamination produces wider crack spacing because it 

happens earlier than layer-parallel fracturing. This may 

provide a method to discriminate interface delamination 

from interface-parallel cracking. It should be noted that the 

interface-parallel cracks obtained in this numerical 

simulation need to be further validated in the fields. 

(1) The stress state in a crack-bound block can change 

from tensile to compressive as the crack spacing to layer 

thickness ratio decreases to a certain value. The stress state 

transition excludes the further infilling of the VCs in the top 

layer of the two-layer system. 

(2) The crack patterns of the two-layer rock system are 

controlled by the threshold for interfacial shear strength. If 

the shear strength is lower than the threshold, the top layer 

is cracked by the VCs combing with the ICs. If the shear 

strength is lower than the threshold, the top layer is cracked 

by the VCs and PCs. If the shear strength is close to the 

threshold for shear strength, a combining pattern of VCs, 

PCs and ICs can be formed.  

(3) The shear strength has a dominating influence on the 

ratio of crack spacing to layer thickness at crack saturation 

if the shear strength is lower than its threshold. For case of 

the shear strength greater than its threshold, it has no effect 

on the crack spacing to layer thickness ratio at crack 

saturation. The ICs and the PCs can reduce the stress 

transferred from the substrate layer of the two-layer system 

and thus lead to an immature state of crack saturation. 

(4) The threshold for shear strength and ratio of crack 

spacing to layer thickness at crack saturation have a close 

relationship with the strength of the top layer that both 

increase as increasing the strength of top layer. The 

thickness of the substrate layer has little effect on crack 

behaviours of the top layer. The overburden pressure has no 

obvious influence on threshold for shear strength while it 

can decrease the crack spacing to thickness ratio during the 

infilling process. 
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