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1. Introduction 
 

In the process of deep coal mining, geological dynamic 

hazards frequently occur in many coal mines, such as rock 

bursts, coal bumps, gas outburst and floor heaves, causing 

potential safety hazards for coal production safety. 

Meanwhile, the geological dynamics hazards in coal mining 

are caused by the failure of a composite system consisting 

of rock and coal layers (Zhao et al. 2016, Lu et al. 2015, 

Chen et al. 2016, 2017). Therefore, it is of great 

significance to study the strength and failure characteristics 

of the rock-coal combined body for preventing dynamic 

geological hazards and ensuring the safety production in the 

deep coal mining engineering. 

A lot of studies have been conducted on the strength and 

failure characteristics of the rock-coal combined body by 

many domestic and foreign scholars. Petukhov and Linkov 

(1979) analyzed the stability of general bipartite system and  
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rock-coal system while studying the stable behavior of rock 

mass after post-peak point. Based on the Coulomb-Mohr 

yield criterion, a failure criterion for composite rocks 

materials was established and discussed (Landriani and 

Taliercio 1998). The effects of rock strength on the 

mechanical behavior and failure mode of a coal-rock 

combined body were studied (Liu et al. 2015). The strength 

and failure characteristics of a rock-coal combined body 

with a height ratio of 1:1 under the cyclic loading and 

unloading condition were studied by Zuo et al. (2011). Four 

different types of three-body model composed of rock and 

coal with different strength and stiffness were established 

and the failure characteristics of compound model such as 

roof-coal-floor were studied (Zhao et al. 2014). A series of 

uniaxial and triaxial creep tests on shale specimens in coal 

measure were carried out for investing the deformation 

characteristics of roof rock with regards to time and failure 

mechanism under complex stress conditions (Mishra and 

Verma 2015). The effects of loading and unloading rate on 

the deformation and failure behaviors of the composite rock 

and coal layers were studied (Huang and Liu 2013). The 

influences of the interfacial angle on the rock-coal 

combined body were investigated with experimental and 

numerical method (Zhao et al. 2016).  
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Abstract.  Geological dynamic hazards during deep coal mining are caused by the failure of a composite system consisting of 

the rock and coal layers, whereas the joint in coal affects the stability of the composite system. In this paper, the compression test 

simulations for the rock-coal combined body with single joint in coal were conducted using PFC
2D

 software and especially the 

effects of joint length and joint angle on strength and failure characteristics in a rock-coal combined body were analyzed. The 

joint length and joint angle exhibit a deterioration effect on the strength and affect the failure modes. The deterioration effect of 

joint length of L on the strength can be neglected with a tiny variation at α of 0° or 90° between the loading direction and joint 

direction. While, the deterioration effect of L on strength are relatively large at α between 30° and 60°. And the peak stress and 

peak strain decrease with the increase of L. Additionally, the deterioration effect of α on the strength becomes larger with the 

increase of L. With the increase of α, the peak stress and peak strain first decrease and then increase, presenting “V-shaped” 

curves. And the peak stress and peak strain at α of 45° are the smallest. Moreover, the failure mainly occurs within the coal and 

no apparent failure is observed for rock. At α between 30° and 60°, the secondary shear cracks generated in or close to the joint 

tips, cause the structural instability failure of the combined body. Therefore, their failure models present as a shear failure along 

partial joint plane direction and partially cutting across the coal body or a shear failure along the joint plane direction. However, 

at α of 60° and L of 10 mm, the “V-shaped” shear cracks cutting across the coal body cause its final failure. While crack 

nucleations at α of 0° or 90° are randomly distributed in the coal, the failure mode shows a V-shaped shear failure cutting across 

the coal body. 
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The above achievements have great important 

significance for understanding of the strength and failure 

characteristics of the rock-coal combined body. However, 

these studies are all focused on the intact rock-coal 

combined body. Meanwhile, rock and coal are natural 

materials formed by the aggregation of mineral particles 

and cement with a determinate rule under the long-term 

geological effects. Generally, rock is relatively dense and it 

has almost no macroscopic native defects. While, raw coal 

is relatively soft and there is a significant amount of native 

defects in it. Among them, the joint is a common native 

defect, playing an important role in the stability of the rock-

coal combined body in practical coal mining engineerings. 

And the researches of the effect of joint characteristics on 

the strength and failure characteristics are more focused on 

the single rock, coal or rock-like specimens (Zhao et al. 

2015, Cao et al. 2016, Liang et al. 2012, Yang 2015). There 

are few studies on the effects of the joint characteristics on 

the strength and failure characteristics on the rock-coal 

combined body. Yin et al. (2018) studied and analyzed the 

effects of joint angle in coal on the strength, acoustic 

emission (AE) and failure characteristics of a roof rock-coal 

combined body using PFC
2D

 software.  

The particle flow code (PFC) is an effective method to 

study the macro-mechanics problems at the micro-level. 

And it can essentially reveal the deformations and failure 

regimes of coal and rock, which has been widely applied in 

uniaxial compression test simulations, biaxial compression 

test simulations and triaxial compression test simulations 

(Lee and Jeon 2011, Zhao et al. 2016, Yin et al. 2018, Zhao 

et al. 2015).  

In this paper, the compression test simulations of the 

rock-coal combined body with single joint in coal were 

conducted using PFC
2D

 software and the purpose was to 

interpret the effecting mechanism of joint characteristics 

(joint length and joint angle) on the strength and failure 

characteristics of the rock-coal combined body. The 

aforementioned achievements can improve the 

comprehension of the strength and failure characteristics of 

the rock-coal combined body with single joint in coal. 
 

 

2. Numerical model and simulation test conditions 
 

2.1 Micro-parameters of rock and coal 
 

In PFC, the parallel bond model refers to plane-to-plane 

bond and the moment of force can be transmitted. 

Therefore, it is applied to simulating the compact material, 

such as rock and coal (Manouchehrian et al. 2014). In this 

study, the compression model for the rock-coal combined 

body with single joint in coal was built using the parallel 

bond model.  

In the parallel bond model, the macroscopic mechanical 

properties of the rock and coal are mainly affected by the 

micro-parameters of particles in PFC
2D 

software, i.e., 

contact modulus of the particle, parallel bond elastic 

modulus, parallel bond normal strength, parallel bond 

tangential strength, etc. The determination of micro-

parameters of rock and coal is the process of minimizing the 

error between simulation results and experimental results by  

Table 1 Micro-parameters of rock and coal (Zhao et al. 

2016, Yin et al. 2018) 

Parameters Rock Coal Parameters Rock Coal 

Minimum particle 

size/mm 
0.2 

Parallel bond elastic 

modulus 

/GPa 

12 4 

Particle size ratio 1.5 

Parallel bond normal 

strength 

/MPa 

45 15 

Density/kg/m3 2600 1800 
Parallel bond tangential 

strength/MPa 
45 15 

Contact 

modulus of 

the particle /GPa 

12 4 

Parallel bond normal 

stiffnes/ 

tangential stiffnes 

2.5 

Parallel 

bond radius multiplier 
1 

Normal 

stiffnes/tangential stiffnes 
2.5 

Coefficient of friction 0.5 

 

 
(a) PFC

2D
 model 

 
(b) Schematic diagram of parallel bond 

Fig. 1 PFC
2D

 model of the rock-coal combined body with 

single joint in coal 
 

 

adjusting the micro-parameters based on the elastic 

modulus, Poisson’s ratio, peak stress of the standard 

specimen (ϕ 50 mm×100 mm) achieved by the laboratory 

test. Due to the limitation of laboratory test condition, the 

micro-parameters of rock and coal provided by Zhang et al. 

(2016) and Yin et al. (2018) were used to carry out 

numerical test, as shown in Table 1.  

 

2.2 PFC
2D

 model construction 
 

Particle flow model of the rock-coal combined body 
with single joint in coal was established and generated by 
the radius extension, as shown in Fig. 1. In Fig. 1, the 
parallel bond is represented in red lines. The model size is ϕ 
50 mm ×100 mm. In this model, the minimum particle 
radius is 0.2 mm, and the maximum radius is 0.3 mm. The 
height ratio of rock to coal is taken as 1:1. And a total of 
21390 particles were generated in the model. The bedding 
plane and joint plane were generated by the JSET  
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Table 2 Simulation test conditions 

Conditions α/° L/mm Conditions α/° L/mm 

1 0 10 11 45 30 

2 0 20 12 45 40 

3 0 30 13 60 10 

5 30 10 15 60 30 

6 30 20 16 60 40 

7 30 30 17 90 10 

8 30 40 18 90 20 

9 45 10 19 90 30 

10 45 20 20 90 40 

 
 

command. For facilitating the distinction, the particles 
through the bedding plane are represented by a magenta 
color and the particles through the joint plane represented in 
blue.  

Based on various researches, the micro-parameters of 

the bedding plane and joint planeare set to very small values 

(Zhao et al. 2015, Kulatilake et al. 2001, Park and Song 

2009, Yin et al. 2018). In this study, the micro-parameters 

of bedding plane were taken same as that of joint plane. 

Therefore, the friction coefficient was set as 0.1, parallel 

bond normal strength and parallel bond tangential strength 

were set as 0 MPa and parallel normal stiffnes and parallel 

bond tangential stiffnes taken as 0 N/m. 

Now, the rock-coal combined body model with single 

joint in coal has been built. The unbalanced force generated 

in this process was eliminated cyclically. The wall was 

lengthened appropriately for preventing the spill-out of 

particles. For this work to be executed, the loading is 

performed by moving the upper and lower walls at a 

loading rate of 0.1 m/s. And the loading is terminated when 

the axial stress is 10% of the peak stress. 

 

2.3 Simulation test conditions 
 

In order to study the effecting mechanism of joint length 

and joint angle on strength and failure characteristics of the 

rock-coal combined body, the length of L were taken as 10 

mm, 20 mm, 30 mm and 40 mm, and the included angle of 
  between the single joint and loading direction taken as 

0°, 30°, 45°, 60° and 90°. The L and α were combined with 

each other and there are 20 test simulation conditions, as 

shown in Table 2. 

 

 

3. Strength characteristics of the rock-coal 
combined body with single joint in coal 
 

3.1 Effects of joint length and joint angle on the 
stress-strain behavior 
 

For contrastively analyzing the effects of joint length 

and joint angle on the stress-strain behaviour of the rock-

coal combined body, Fig. 2 illustrates the stress-strain 

curves of single rock sample, single coal sample, intcat 

rock-coal combined body and combined bodies with single  

 
(a) Single rock, coal samples and intact combined body 

 
(b) α=0° 

 
(c) α=30° 

 
(d) α=45° 

 
(e) α=60° 

Fig. 2 Uniaxial compressive stress-strain curves of single 

rock sample, single coal sample, intcat rock-coal 

combined body and combined bodies with single joint in 

coal under different conditions of α 
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(f) α=90° 

Fig. 2 Continued 
 

Table 3 Simulation test results 

Conditions 
Peak 

stress/MPa 

Peak 

strain/% 
Conditions 

Peak 

stress/MPa 
Peak strain/% 

Single rock sample 60.346 0.416 10 18.821 0.287 

Single coal sample 23.182 0.459 11 16.759 0.268 

Intact rock-coal 

combined body 
24.664 0.346 12 14.536 0.235 

1 24.586 0.344 13 24.404 0.342 

2 24.633 0.342 14 22.882 0.314 

3 24.625 0.341 15 22.701 0.314 

4 24.534 0.344 16 21.612 0.297 

5 22.992 0.319 17 24.633 0.339 

6 20.952 0.286 18 24.612 0.343 

7 18.523 0.266 19 24.449 0.341 

8 16.209 0.239 20 23.768 0.333 

9 22.617 0.310 — 

 

 

joint in coal under different conditions of α and Fig. 3 
presents the stress-strain curves of rock-coal combined 
bodies under different conditions of L. Also, the simulaition 
test results are given in Table 3. 

In Figs. 2 and 3, the stress-strain curves of single rock 
sample, single coal sample, intcat rock-coal combined body 
and combined bodies are quite similar, which can be 
divided into four stages, ranging from linear elastic 
deformation stage, non-linear deformation stage, post-peak 
strain softening and residual strength stage. In Fig. 2(a), the 
stress-strain curve of the intact combined body is located 
between the curves of single rock and coal samples, and 
close to the single coal sample curve, which is similar to the 
research results studied by Liu et al. (2015). And the elastic 
modulus of intact combined body is larger than that of 
single coal sample, but less than that of single rock sample. 
While, there is no obvious change for the elastic modulus of 
combined bodies with single joint in coal, indicating that 
the stress-strain curves are coincident at the linear elastic 
deformation stage. The L and α do not affect the 
compression failure process of the rock-coal combined 
body, but affect the strain required for each stage and have 
deterioration effects on the strength. In Table 3, the peak 
stress of single rock sample is the largest. And when α is 0° 
or 90°, no matter what the value of L is, the peak stresses of 
combined bodies with single joint in coal are close to that of 
the intact combined body and larger than that of single coal 
sample. Moreover, when α is between 30° and 60°, the peak 
stresses of combined bodies with single joint in coal are 
generally less than that of intact combined body and single  

 
(a) L=10 mm 

 
(b) L=20 mm 

 
(c) L=30 mm 

 
(d) L=40 mm 

Fig. 3 Uniaxial compressive stress-strain curves of 

combined bodies with single joint under different 

conditions of L 
 

 

coal sample. The above analysis show that due to the 
differences of joint lengths and joint angles, the 
deterioration effects on strength of the combined body are 
not necessarily same. Thus, the effects of joint length and 
joint angle on strength characteristics were analyzed as 
following. 
 

3.2 Effects of the joint length and joint angle on 
strength characteristics  
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(a) Relationship between the peak stress and L 

 
(b) Relationship between the peak strain and L 

Fig. 4 Variation trend of peak stress and peak strain with 

the change of L 
 

 
(a) Relationship between the peak stress and α 

 
(b) Relationship between the peak strain and α 

Fig. 5 Variation trend of the peak stress and peak strain 

with the change of α 
 
 

Fig. 4 shows the variation trend of peak stress and peak 
strain with the change of L. In Figs. 2 and 4, when α is 
between 30° and 60°, the deterioration effect of L on the 
strength is relatively large, especially at α of 45°. With the 
increase of L, the peak stress and peak strain decrease. As 
an example, when α is 45°, compared with the joint length 
of 10 mm, peak stresses at L of 20 mm, 30 mm and 40 mm  
decrease by 16.378%, 25.309% and 35.723%, respectively.  

 
(a) 

 
(b) 

Fig. 6 Illustration of stress state distribution feature and 

three-dimension unit cell representative model of rock-

coal combined body 

 

 

And peak strains decrease by 7.419%, 13.548% and 

24.194%, respectively. While, when α is 0° or 90°, the 

deterioration effect of L on the strength is relatively lower, 

which may be neglected. With the increase of L, the peak 

stress and peak strain have fluctuated with a tiny variation. 
Fig. 5 shows the variation trend of peak stress and peak 

strain with the change of α under the same conditions of L. 
In Figs. 3 and 5, the deterioration effects of α on the 
strength becomes larger with the increase of L. Under a 
same condition of L, the peak stress and peak strain first 
decrease and then increase with the increase of α, 
presenting a “V-shaped” curve. When α is 45°, the peak 
stress and peak strain are the smallest. 

A mechanical model was built firstly for the rock-coal 
combined body with single joint in coal, as shown in Fig. 6 
(a). Meanwhile, the mechanical model satisfies the 
following assumptions: 1) Rock and coal are isotropic 
homogeneous bodies; 2) The strengths of rock, coal and 
joint plane are governed by the Coulomb-Mohr yield 
criterion. In Fig. 6 (a), σ1 is the axial stress, τ and σ are the 
shear stress and normal stress on the joint plane, 
respectively. The elastic moduli of rock and coal are Er and 
Ec, and Poisson ratios are uS and uC, respectively. And Er> 
Ec, ur<uc. In order to maintain the consistent lateral 
deformation at the rock-coal bedding plane under the axial 
stress, the lateral deformation of coal near the bedding plane 
is limited in a certain extent by rock and the compressive 
stress of σC for coal is derived near the bedding plane. 
While, the lateral deformation of rock near the bedding 
plane is enhanced in a certain extent by the coal and a 
tensile stress of σT for rock is derived near the bedding 
plane. Due to the variation of the stress distribution near the 
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bedding plane, a three-dimensional representative model 
considering the zones near the bedding plane are taken for 
analyzing the strength of rock-coal combined body, as 
shown in Fig. 6(b). Among them, σ

3
T and σ

2
T are tensile 

stresses for rock in two horizontal directions, respectively. 
And σ

3
C and σ

2
C are compressive stresses for coal in two 

horizontal directions, respectively. σ
1

r  and σ
1

c denote the 
axial stresses for rock and coal, respectively. 

For the intact rock-coal combined body, its structural 

strength is synthetically determined by the strengths of rock 

and coal far away and near the bedding plane (Zhao et al. 

2015). While, for the combined body with single joint in 

coal, its structural strength is also determined by the joint 

plane strength. Thus, the structural strength of combined 

body with single joint in coal can be determined by the 

following equation. 

),,,,( jcbrbcrCRCM F  
 

(1) 

where σCRCM is the structural strength of combined body 
with single joint in coal; σr and σrb denote strengths of rocks 
far away and near the bedding plane, respectively; σc and 
σcb denote strengths of coals far away and near the bedding 
plane, respectively; σj presents the joint plane strength; F is 
the influence functions of σr, σc, σrb, σcb and σj on σCRCM. 

In section 4, the failures of rock-coal combined bodies 
with single joint in coal, mainly occurred within the coal 
body, whereas no apparent failure was observed for rock. 
The structural instability failure of the combined body is 
mainly induced by the coal body failure. Consequently, the 
strength of coal body mainly determines the structural 
strength of combined body. Therefore, σc, σcb, and σj are 
main factors determining the σCRCM.. σc, σcb and σj are 
calculated as following. 

(1) Calculation of σc and σcb 

In Fig. 6, according to the condition of static 

equilibrium, relationships between the derived stresses are 

fff crCCTT 1

112323  
 

(2) 

where f represents friction coefficient on the bedding plane 

and suppose that the friction coefficients are same in two 

horizontal directions. 

Assume that the coal near the bedding plane is in the 

ultimate stress equilibrium state, thus σcb is confirmed by 

employing the Coulomb-Mohr yield criterion (Mohammadi 

and Tavakoli 2015) 

f

cc

cb











sin-1

sin1
1

sin1

cos2







 

(3) 

where, ϕ and cc denote the friction angle and cohesion force 

of coal, respectively. 

Meanwhile, the strength of coal far away the bedding 

plane is confirmed by the following equation 






sin1

cos2


 c

c

c

 
(4) 

Due to  900 ＜＜  and 1＜f , the variation of coal 

strength near the bedding plane compared with that of coal 

far away the bedding plane is 

0＞ccbc  
 (5) 

In Eq. (5), the coal strength near the bedding plane is 

larger than that of coal far away the bedding plane, 

implying that strength of coal near the bedding plane is 

enhanced, and the changed quantity of strength is directly 

related to friction angle and cohesion force of coal and 

friction coefficient on the bedding plane. Consequently, σc 

and σj are the main factors determining σCRCM. 

(2) Calculation of σj  

The joint in this study can be taken as a special closed 

crack. Therefore, based on the sliding crack model, τ and σ 

are confirmed by the theory of variational principles in 

elasticity (Zhu et al. 2014) 


















2

1

1

sin

2

2sin

 

(6) 

Considering the friction effect on the joint plane, the 

effective shear stress of τe is 




 2

1
1 sin

2

2sin
je f

 

(7) 

where fj represents friction coefficient on the joint plane. 

Stress intensity factor is an important parameter of 

linear elastic fracture mechanics, characterizing the strength 

and deformation of the crack tip. And it is a measure of 

crack propagation tendency or crack growth driving force. 

The effective shear stress of τe can cause the joint plane to 

produce a relative sliding, thus the joint in this study are 

similar to a special pure type II crack. And its stress 

intensity factor of KI is 0. And stress intensity factor KII is 

2

L
K eII 

 

(8) 

According to Eq. (7), Eq. (8) can be changed as 

2
sin

2

2sin 2

1
1 L

fK jII 












 

(9) 

When the joint plane occurs relatively sliding, KII 

satisfies the following equation. 

IICII KK 
 (10) 

where KIIC represents fracture toughness and is material 

properties.  

The joint plane strength of σj can be determined by 

solving the resulting equations of Eqs. (9) and (10) 

simultaneously (Zhu et al. 2014) 

 
2

2cos1(2sin

2
1

L
f

K

j

IIC
j





）



 

(11) 

In Eq. (11), when L is a definite value, the α 
corresponding to the minimum joint plane strength of σjmin 
is called as an optimal fracture angle, which is confirmed by 
the following equation 
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2

2
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j

j

 

(12) 

The optimal fracture angle of αm is determined by 

solving the resulting equations of Eqs. (11) and (12) 

simultaneously, 

j

m
f

1
arctan

2

1


 

(13) 

In this study, fj=0.1, thus, αm =42.145°. Therefore, when 

α is 45° close to αm, the joint plane firstly occurs fracture, 

and the main failure plane is basically along the joint plane 

direction, as shown in Fig. 9. Now, σCRCM is mainly 

determined by σj. Thus, σCRCM is relatively small. And in Eq. 

(11), with the increase of L, σj also nonlinearly decreases. 

And then σCRCM decreases.  

In Eq. (12), when α=0°, j , implying that the joint 

plane strength is infinite. Thus, the joint plane will not 

fracture under compressive stress. Now, σCRCM is mainly 

determined by σc. Consequently, the deterioration effect of α 

and L are tiny and negligible. And now, σCRCM is relatively 

large. 

When α=90°, σj<0, implying that when the rock-coal 

combined body occurs sliding failure along the joint plane 

direction and the rock-coal combined body are in the 

tension stress state. Consequently, in a state of compression, 

it will not occur sliding failure along the joint plane but 

cutting across the coal body, as shown in Fig. 9. Now, σCRCM 

is mainly determined by σc. Meanwhile, the deterioration 

effects of α and L are tiny and negligible. Thus σCRCM is 

relatively large.  

When α is 30° or 60°, the rock-coal combined body 

occurs a shear failure along partial joint plane direction and 

partially cutting across the coal body, as shown in Fig. 9. 

σCRCM is collectively determined by σj and σc. The strength 

at α of 30° or 60° is larger than that at α of 45°, but less than 

that at α of 0° or 90°. Additionally, in Fig. 10, with the 

increase of L, the length of shear failure crack along the 

joint plane increases. Thus the effect of σj on σCRCM 

increases. Meanwhile, in Eq. (11), with the increase of L, σj 

decreases. Thus, σCRCM also decreases. Similarly, when L  

is definite, with the increase of α, the σCRCM firstly decreases 

and then increases, presenting “V-shaped” curves. The 

strength is lowest at α of 45°. 

However, with the increase of L, the boundary effects 

from the sample edges and interface on the joint become 

large, which affects the strength and failure characteristics 

of the rock-coal combined body at a certain extent, 

especially the failure characteristics. This analytical model 

could not be used for the combined body with single joint 

of much greater length in coal. The failure characteristics of 

rock-coal combined body with single joint in coal were 

analyzed as following. 

 

 

4. Failure characteristics of the rock-coal combined 
body with single joint in coal 

4.1 Macroscopic failure mode of rock-coal combined 
body with single joint in coal 
 

The propagation and coalescence of micro-cracks forms 
the main control failure crack, causing structural instability 
failure of the rock-coal combined body (Yin et al. 2018, 
Zhao et al. 2016). Figs. 7 and 8 illustrates the distributions 
of micro-cracks in single rock sample, single coal sample, 
intcat rock-coal combined body and combined bodies with 
single joint in coal, respectively. Among tehm, the micro-
cracks of single coal sample, intcat rock-coal combined 
body and combined bodies with single joint in coal are 
represented in black lines and the micro-cracks of single 
rock sample shown as red lines. 

In Fig. 7, the single coal sample mainly occurs the shear 
failure and single coal sample occurs the hybrid failure, 
inculding the tensile failure and shear failure. And the intact 
combined body were destoryed by the “V” type shear 
failure occurred in the coal body. And no apparent damage 
is observed for the rock. This phenomenon can also be 
found in the combined body with single joint in coal. In Fig. 
8, the failure of combined bodies with single joint in coal 
mainly occurs within the coal body. There are two main 
reasons for this: 1) the strength of rock is much larger than 
that of coal; 2) in this study, the contact surface of the 
combined body is bedding plane without a cohesive force, 
which means the rock and coal are freely superimposed into 
a whole body. Under this condition, the contact surface will 
restrict the crack propagation in coal (Yin et al. 2011). 

 
 

  
(a) Sing rock sample (b) Sing coal sample 

 
(c) Intact combined body 

Fig. 7 Distributions of micro-cracks in single rock 

sample, single coal sample and intact combined body 
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(a) α =0°, L =10 mm (b) α =0°, L =20 mm (c) α =0°, L =30 mm (d) α =0°, L =40 mm 

    
(e) α =30°, L =10 mm (f) α =30°, L =20 mm (g) α =30°, L =30 mm (h) α =30°, L =40 mm 

    
(i) α =45°, L =10 mm (j) α =45°, L =20 mm (k) α =45°, L =30 mm (l) α =45°, L =40 mm 

    
(m) α =60°, L =10 mm (n) α =60°, L =20 mm (o) α =60°, L =30 mm (p) α =60°, L =40 mm 

    
(q) α =90°, L =10 mm (r) α =90°, L =20 mm (s) α =90°, L =30 mm (t) α =90°, L =40 mm 

Fig. 8 Distributions of micro-cracks in combined bodies with single joint in coal 
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Fig. 9 Micro-crack amount of the rock-coal combined 

bodies under different simulation test conditions 
 

 

Therefore, the rock may be not destroyed. 
Correspondingly, the failure of coal body mainly causes the 
structural instability failure of combined body. However, 
when α is 45° or α is 30° and L is between 20 mm and 40 
mm, or α is 60° and L is 20 mm, the rock near the bedding 
plane is destroyed by the crack propagation in coal, as 
shown in a red line box of Fig. 8. This is because that the 
strength of rock near the bedding plane is weakened by the 
frictional restraint stress caused by the differences in the 
elastic moduli and Poisson ratios of rock and coal (Yin et al. 
2018). 

When α is 0° or 90°, the combined body mainly occurs 
shear failure with multiple failure planes cutting across the 
coal body, accompanied by some axial tensile cracks. The 
main control failure cracks approximately present a V-
shaped failure, which is basically consistent with that of 
intact combined body. And the coal body is more broken 
due to the propagation and coalescence of the failure planes, 
verified in Fig. 9. Fig. 9 shows the micro-crack amounts 
under different simulation test conditions. In Fig. 9, the 
micro-crack amounts at α of 0° and 90° are larger than that 
of other simulation test conditions. When α is 0°, the failure 
mode is barely affected with the increase of L. While, when 
α is 90°, with the increase of L, the width of the main 
control shear failure zone decreases and the main V-shaped 
control shear failure cracks are more obvious. When α is 
90° and L is 40 mm, the main V-shaped control shear failure 
cracks are at the lower part of joint plane. And this is 
because that the boundary effects from the side edges 
become large with the increase of L. 

When α is 30° or 60°, the joint in coal affects the failure 
mode of combined body. And they mainly occurs shear 
failure along partial the joint plane direction and partially 
cutting across the coal body, accompanied by some axial 
tensile cracks, which is different from that of intact 
combined body. With the increase of L, the length of shear 
failure plane along the joint plane increases. While, when α 
is 60° and L is 10 mm, the rock-coal combined body mainly 
occurs a V-shaped shear failure cutting across the coal body 
accompanied with shear failure around the joint plane, 
implying relatively small effects of L and α on the failure 
mode. Also,with the increase of L, the boundary effects 
from the sample edges are enhanced. And the coal body 
close the edges are more broken. 

When α is 45°, the combined body occurs shear failure 

basically along the joint plane direction accompanied by 

some axial tensile cracks. With the increase of L, the 

distance from the lower end of joint to the bottom of coal 

decreases. And the boundary effects are more obvious. 

Therefore, the propagation direction of the shear crack at 

the lower joint tip occurs a deflection at a small angle to the 

joint plane direction. 
Additionally, in Fig. 9, with the increase of α, the micro-

crack amount firstly decreases and then increases under the 
same condition of L. The micro-crack amount at α of 45° is 
the smallest. While, with the increase of L, the micro-crack 
amount nonlinearly decreases under a same condition of α, 
especially at α of 30° and 45°. Meanwhile, the propagation 
and coalescence of the axial tensile cracks cause the 
fluctuations in micro-crack amount at α of 0°, 90° and 60°. 
But with the increase of L, their micro-crack amounts 
present a basical decrease trend. 
 

4.2 Crack propagation and coalescence process of 
the rock-coal combined body 
 

As a discrete element method, the major advantage of 

parallel bond model in PFC
2D

 software is that complex 

empirical constitutive behaviour can be replaced by simple 

particle contact logic (Zhang and Wong 2012) and they 

studied the cracking processes in rock-Like material 

containing a single flaw under uniaxial compression using 

PFC
2D

 software. With the introduction of the parallel bond 

model, Potyondy and Cundall (2004) showed how 

discontinuum modelling technique could be used to 

simulate rock behaviour, including spalling. Yang and 

Huang (2014) analyzed the effect of fissure angle on the 

strength and deformation behavior of sandstone specimens 

using PFC
2D 

software and laboratory test. And the results 

show that the PFC model can well simulate the crack 

propagation. Tian et al. (2017) conducted experiment and 

mumerical simulation to investigate the effect of ligament 

angle on tensile strength and failure mode of Brazilian disk 

containing non-complanar filled fissures. And the results 

can well agree with the experimental result. According to 

the failure models of the rock-coal combined body with 

single joint in coal, four simulation test conditions were 

selected for analyze the crack propagation and coalescence 

process, i.e., α is 0° and L is 30 mm, α is 30° and L is 30 

mm, α is 45° and L is 30 mm and α is 60° and L is 10 mm. 

Fig. 10 gives the micro-cracks distributions of four 

simulation test conditions at different axial stress.  
In Fig. 10, it can be seen that the crack propagation and 

coalescence processes of combined bodies under different 
simulation test conditions are different. When α is 0 ° and 
L is 30mm, micro-cracks are firstly randomly distributed in 
coal. With the increase of axial loading, micro-cracks 
coalesce for forming the crack nucleation on the lower right 
side of the coal, as shown in the red ellipse in the Fig. 10 
(a). With the further increase of axial loading, the micro-
cracks in the crack nucleation propagates and form a shear-
tensile crack on the lower right side of the coal, as shown in 
the red line in the Fig. 10 (a 3). Meanwhile, more micro-
cracks are generated for forming other crack nucleations. In 
post-peak stage, the propagation and coalescence of micro-
cracks in the crack nucleations form the main failure control 
crack, causing the final failure of rock-coal combined body. 

While, when α is 30° and L is 30 mm or α is 45° and L  
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1:ε=2.99×10
-3

 

σ=22.716 MPa 

2:ε=3.16×10
-3

  

σ=23.727 MPa  

3:ε=3.41×10
-3

   

σ=24.625 MPa 

(peak stress) 

4:ε=4.24×10
-3

    

σ=13.177 MPa 

5:ε=5.69×10
-3

     

σ=2.463 MPa 

(a) α is 0° and L is 30mm 

     

1: ε=2.28×10
-3

 

σ=16.818 MPa 

2: ε=2.53×10
-3

 

σ=18.048 MPa 

3: ε=2.66×10
-3

 

σ=18.523 MPa 

(peak stress) 

4: ε=2.89×10
-3

 

σ=17.873 MPa 

5: ε=4.67×10
-3

 

σ=1.08 MPa 

(b) α is 30° and L is 30mm 

     

1: ε=1.61×10
-3

 

σ=11.856 MPa 

2: ε=2.23×10
-3

 

σ=14.751 MPa 

3: ε=2.75×10
-3

 

σ=16.273 MPa 

(peak stress) 

4: ε=3.17×10
-3

 

σ=8.245 MPa 

5: ε=3.59×10
-3

 

σ=1.635 MPa 

(c) α is 45° and L is 30 mm 

     

1: ε=2.84×10
-3

 

σ=21.634 MPa 

2: ε=3.26×10
-3

 

σ=24.092 MPa 

3: ε=3.424×10
-3

  

σ=24.404 MPa 

(peak stress) 

4: ε=3.76×10
-3

   

σ=20.458 MPa 

5: ε=6.43×10
-3

    

σ=2.437 MPa 

(d) α is 60° and L is 30 mm 

Fig. 10 Crack propagation and coalescence process of rock-coal combined bodies 
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is 30 mm, micro-cracks are firstly distributed around the 

joint plane. With the increase of axial loading, the axial 

tensile cracks are generated in or close to the joint tips, as 

shown in the blue lines of the Fig. 10(c) and 10(d). But 

when the tensile cracks propagate to a certain extent, their 

propagations are restricted. For example, the propagation of 

tensile crack at α of 45° stops when they propagate to the 

bedding plane or the bottom of the coal. These illustrate the 

bedding plane restricts the crack propagation of tensile 

crack, and this phenomenon is basically consistent with 

research results studied by Yi et al. (2011). And micro-

cracks coalesce for forming crack nucleation in or close to 

the joint tips, as shown in the red ellipse in the Fig. 10(c) 

and 10(d). With the further increase of axial loading, micro-

cracks in the crack nucleation propagate to form the shear 

cracks, as shown in the green line of Fig. 10(c) and 10(d). 

And the shear cracks propagate and coalesce for forming 

the main failure control crack, causing the final failure of 

the rock-coal combined body.  

Additionally, when α is 60° and L is 10 mm, micro-

cracks are firstly randomly distributed in coal. With the 

increase of axial loading, micro-cracks coalesce for forming 

the crack nucleation on the lower right side or at the bottom 

of the coal, and the tensile cracks are generated in the joint 

tip, as shown in the red ellipse and blue lines of the Fig. 10 

(d2), respectively. The micro-cracks in the crack nucleations 

propagates and form a shear-tensile crack on the lower right 

side of the coal and a shear crack at the bottom of the coal, 

as shown in the red and green lines of the Fig. 10 (d3), 

respectively. Meanwhile, more micro-cracks are generated 

for forming other the crack nucleations. And the shear 

cracks are generated in the coal body and the joint tips, as 

shown in the green lines of the Fig. 10 (d4). Finally, the V-

shaped shear crack cutting across the coal body cause the 

final failure of the combined body. 
 

 

5. Conclusions 
 

Based on the above numerical results, the following 

conclusions can be drawn: 

• The joint length and joint angle do not affect the 

compression failure process of the rock-coal combined 

body, but affect the strain required for each stage and have a 

deterioration effect on the strength of the combined body, 

and affect its failure modes. 

• When α is 0° or 90°, the deterioration effect of L on the 

strength can be neglected. With the increase of L, the peak 

stress and peak strain occur a tiny change. While, when α is 

between 30° and 60°, the deterioration effect of L on the 

strength are relatively large. With the increase of L, the peak 

stress and peak strain decrease. Additionally, the 

deterioration effect of α on the strength becomes larger with 

the increase of L. With the increase of α, the peak stress and 

peak strain firstly decrease and then increase, presenting a 

“V-shaped” curve. The peak stress and peak strain at α of 

45° are lowest under a same condition of L. 

• The failure of the rock-coal combined body mainly 

occurs within coal and no apparent failure is observed for 

rock. Three typical typical failure modes are found for the 

rock-coal combined body with single joint in coal i.e., V-

shaped shear failure cutting across the coal body, shear 

failure along partial the joint plane direction and partially 

cutting across the coal body and shear failure along the joint 

plane direction. V-shaped shear failure cutting across the 

coal body mainly occurs at α of 0° or 90°, while shear 

failure along partial the joint plane direction and partially 

cutting across the coal body occurs at α of 30°, 45° and 60°. 

However, when α is 60° and L is 10 mm, the combined 

body mainly occurs a V-shaped shear failure cutting across 

the coal body, implying relatively small effects of L and α 

on the failure characteristics. 

• When α is between 30° and 60° (except when α is 60 ° 

and L is 10 mm), tensile cracks are firstly generated in or 

close to the joint tip. But when propagating to a certain 

extent, their propagations will be restricted. Then secondary 

shear cracks are generated in or close to the joint tip. And 

the propagation and coalescence of secondary shear cracks 

cause the structural instability failure of the rock-coal 

combined body. While, when α is 0° or 90°, the generation 

of crack nucleation is random in the coal. And the coal body 

is more broken due to the propagation and coalescence of 

the multiple failure planes. 
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