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(2018a). The effects of loading and unloading rates on the deformation and failure behaviors 
of a rock-coal-rock composite sample were studied (Huang & Liu, 2013). The precursory data 
of a sandstone-coal composite sample and a sandstone-coal-mudstone composite sample were 
studied by Zhao et al. (2008). Compared with a single coal sample, it is more difficult to predict 
the failure of a coal-rock composite sample. The failure characteristics and mechanical behavior 
of a rock-coal-rock composite sample with different strengths and stiffnesses were studied and 
analyzed (Zhao et al., 2014; Liu et al., 2015). Zuo et al. (2016) studied the failure behavior and 
strength characteristics of a coal-rock composite sample under different confining pressures. 
Using PFC software, the effects of the interface angel on the failure characteristics of a rock-
coal composite sample were simulated and studied by Zhao et al. (2016). he rock burst trends of 
a roof rock-coal composite sample, a rock-coal-rock composite sample, and a coal-rock composite 
sample were studied (Liu et al., 2004). Besides, the characteristics of AE and electromagnetic 
radiation of composite samples subjected to different loads were analyzed (Rafael & Cristobal, 
2010; Takeuchi et al., 2006). 

These studies significantly contribute to the understanding of strength and failure charac-
teristics of a composite structure of rock and coal layers. However, all of them focused on the 
intact composite sample of rock and coal. Rock and coal are natural materials formed by the 
aggregation of mineral particles and cement in a certain ratio under long-term geological effects. 
Generally, rock is relatively dense, and it has almost no macronative defects. Raw coal is relatively 
soft, and it has a significant amount of native defects such as joints, fractures, and various micro 
inclusions and pores, influencing the strength and failure characteristics of composite samples. 
The effects of native defects on the mechanical characteristics of pure coal or rock samples have 
been evaluated (Bobet, 2000; Kulatilake et al., 2011; Dyskin et al., 1994; Fujii & Ishijima, 2004; 
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Fig. 1. Composite structures of rock and coal layers
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Gholami & Rasouli, 2014; Tarokh et al., 2017; Kulatilake et al., 2001). However, composite 
samples of rock and raw coal with more complete and relatively original defects were selected for 
laboratory tests. Also, a complete and isotropic model of the composite sample of rock and coal 
was established for numerical simulation tests. Thus, the effects of native defects in coal on the 
strength and failure characteristics of composite samples are ignored. Yin et al. (2018b) analyzed 
the effects of joint angle in coal on the UCS of a roof rock-coal composite sample using PFC2D 
software. The results show that the joint in coal shows deterioration effects on the UCS, and with 
the increase in joint angle, the UCS of composite samples first decreased and then increased. 

In this paper, the uniaxial compression simulation tests on the coal-rock composite sample 
with coal persistent joint were performed using PFC2D software. The effects of coal persistent 
joint on the strength and failure characteristics of the coal-rock composite materials were the 
main target of the investigation.

2. Numerical model of coal-rock composite sample

2. 1. Partilcle flow code

Cundall and Strack (1979) established the particle flow theory based on the discrete element 
method. In the PFC2D software, the elements are mainly two-dimensional circular particles and 
walls, both of which are rigid and undeformable, while overlaps among elements are allowed 
as they contact each other. During the calculation loop process of PFC2D software, the contact, 
displacement and interaction among particles satisfy the Newton’s second law and force–dis-
placement law.

  

(a) Shear stiffness (b) Normal stiffness

Fig. 2. Sketch of parallel bond model (Itasca Consulting Group, 2008). kn and ks are the normal and shear 
stiffness of particles, respectively; Rmax and Rmin are the radii of larger and smaller particles of both contacting 

particles, respectively; Fn and Fs are the normal and shear contacting forces between particles, respectively; 
k
—

n and k
—

s are the normal and shear stiffness of parallel bonding particles, respectively

There are mainly two types of bond models in PFC2D software: contact bond model and 
parallel bond model. In the parallel bond model, a series of springs with constant normal and 
shear rigidity are evenly distributed on the contact surface with their contact points as the center, 
as shown in Fig. 2 (Itasca Consulting Group, 2008). Therefore, the relative motions at the contact 
points produce forces and bending moments; this is well applied to simulate compact materials 
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such as rock and coal (Lee & Jeon, 2011; Manouchehrian et al., 2014; Potyondy & Cundall, 
2004). In this study, uniaxial compression models for coal-coal composite samples with a coal 
persistent joint were built using the parallel bond model.

2.2. Microparameters of coal and rock

In the parallel bond model, the macromechanical properties of rock and coal are mainly 
affected by the microparameters of particles in PFC2D software. The microparameters of rock 
and coal are determined by minimizing the error between simulation and experimental results. 
This is achieved by adjusting the microparameters to match the elastic modulus, Poisson’s ratio, 
and peak stress of standard rock or coal specimen (a diameter of 50 mm and a height of 100 
mm) provided by the laboratory test (Yin et al., 2018b). Due to the limitation of laboratory test 
conditions, the parameters of coal and rock provided by Zhao et al. (2016) were used to conduct 
numerical test.

TABLE 1

Microparameters of rock and coal (Zhao et al., 2016)

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 stiffness/

tangential stiffness 2.5

Parallel bond radius multiplier 1 Normal stiffness/tangential stiffness 2.5
Coeffi cient of friction 0.5

2.3. Numerical model construction

In this study, the rock and coal freely overlap in a composite sample and the contact surface 
is the bedding plane without cohesive force. A uniaxial compression model for the coal-rock 
composite sample with coal persistent joint was established and generated by radius extension, 
as shown in Fig. 3. The length and height of the model are 50 mm and 100 mm, respectively. To 
evaluate conveniently, the height ratio of coal to rock was set as 1:1. A total of 21390 particles 
were generated in the model. The bedding plane and coal persistent joint plane were generated 
by JSET command. The origin of coal persistent joint is in the coal center. To facilitate the dis-
tinction, the particles through the bedding plane are colored in blue and the particles through the 
joint plane are colored in red. The wall is lengthened appropriately for preventing the spill-out 
of the particles. 

According to various studies on jointed rock mass, the microparameters of the bedding plane 
and coal persistent joint plane are weakened and set as very small values (Yin et al., 2018b; Park 
& Song, 2009; Kulatilake et al., 2001). In this study, the friction coefficients of the bedding plane 
and coal persistent joint plane were set as 0.1, and their parallel bond compressive strengths and 
parallel bond cohesive strengths were all set as 0.

Now, the coal–rock composite sample model with a coal persistent joint was well built. In 
order to evaluate the effects of the coal persistent joint on the strength and failure characteristics 
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