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A B S T R A C T   

Understanding the mechanical properties and fracture behaviors of coal is essential for the safety 
of underground mining engineering. This research aims to evaluate the impact of calcite and 
heterogeneity on the mechanical properties of coal. Neper, a software package for polycrystal 
generation and meshing, is used to create numerical models with a non-uniform grain size dis
tribution. A random parameter assignment method is proposed to simulate the mechanical 
properties and failure behavior of coal using the combined finite-discrete element method 
(FDEM). A comprehensive parametric investigation of the properties of triangular and joint el
ements is conducted, and calibration procedures are suggested for numerical modeling. The 
model was calibrated to experimental results and then used to understand the impact of calcite 
grains on the mechanical behavior of coal. After calibration, a triaxial compression was per
formed on coal samples with and without calcite grains at different confining pressures. It is 
found that the presence of calcite in a coal sample increases Young’s modulus and decreases the 
peak strength of coal. This research uses Voronoi tessellation technology to present a Weibull 
statistical grain-based model (GBM) to investigate the microstructural heterogeneity induced by 
grain morphologies. The deformation response, strength characteristics and cracking behavior are 
investigated by varying the heterogeneity of numerical models under compressive tests with 
different confining pressures. The simulation results of triaxial compression indicate that the 
compressive strength increases linearly as the heterogeneity m value increases. The consistency of 
the numerical results with the experimental observations suggests that the GBM approach can be 
used to better understand the mechanics of brittle rock failure at the micro-structure scale.   

1. Introduction 

A comprehensive and accurate understanding of the mechanical properties of coal under the confining pressure effect can provide a 
certain theoretical basis and practical value for controlling the stability of underground mines [1–5]. Considerable research has been 
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done to investigate the mechanical properties of coal under the influence of confining pressure, and numerous researchers have ob
tained abundant research achievements, particularly in the fields of loading methods, loading stress directions and research per
spectives. Limited literature is available regarding the influence of confining pressure on the mechanical properties of coal. Therefore, 
it is necessary to analyze the effect of confining pressure on the mechanical properties of coal. 

Minerals found within coal formations are heterogeneous in nature and depend upon several factors, such as source rocks, li
thology, weathering rate, hydrology and the degree of coalification [6]. The prominent minerals found in coal are quartz, illite, pyrite, 
rutile and calcite. The mineral composition of coal has significant importance in several aspects, ranging from its extraction to its 
utilization. Many studies have investigated the effects of the mineral composition and microstructure of coal on different aspects, such 
as the design and selection of drilling fluids for the extraction of coal bed methane [7], CO2 sorption [8,9], human health and cleaning 
procedure of coal [10–12]. 

Generally, rock consists of different minerals, pores, cracks, joints and layering, and hence, the heterogeneities of these geo
materials are distinct. It is necessary to understand that all rocks have inherent heterogeneity [13]. Compared to the homogenous 
assumption of rock, the heterogeneity of rock, including mineralogical composition, grain shape, grain packing and contact between 
grains, directly affects its mechanical properties [14]. Therefore, it is necessary to study the effect of rock heterogeneity on its strength 
and failure mechanism. 

Many researchers have studied the influence of heterogeneity on the failure behavior and strength of rock [15–22]. The key issue is 
to characterize heterogeneity to obtain their corresponding parameters. The development of micrometer-scale evaluation technology 
has played a significant role in implementing digital image processing (DIP) technique for determining material microstructures and 
the spatial distribution of minerals [23,24]. Various numerical simulation methods combined with digital image processing (DIP) 
technology have been used to investigate the heterogeneous properties of rock materials. The most common methods are the FEM 
[25], FDM [16,26], DEM [14] and FDEM [18]. DIP technique can simulate rock’s actual geometric heterogeneity and microstructures 
in numerical modeling. However, this technique still has certain limitations. 

Therefore, indirect or equivalent approaches to describe rock heterogeneity have been proposed consecutively, including the grain- 
based model (GBM) [21] or its extended model [22] and the random parameter assignment method [27,28]. In the GBM model, a 
mineral grain is often used as a Voronoi block, filled with smaller elements. However, the Voronoi block shows a degree of consistency 
and similarity [29] to its shape and size compared to real mineral grains, which include irregular shapes and uneven sizes [22]. The 
importance of Voronoi block shape and size in numerical modeling cannot be ignored when considering the failure behavior of rock 
samples [17,20,30,31]. To minimize the influences shape and size of Voronoi block, the block must be sufficiently meshed to a small 
enough size, which reduces computation efficiency, making engineering scale simulation challenging. Therefore, the GBM method 
mainly simulates the mechanical and failure characteristics of heterogeneous rock samples at laboratory scale, such as uniaxial 
compression [32–34], triaxial compression [30], Brazilian disc [35,36] and direct shear [29]. 

With the continuous development in computing technology, numerical modeling has become a valuable and optimal solution to 
resolve these challenges. Two distinct categories can be used to represent ongoing strategies for generating heterogeneity in calcu
lation models [37]: (a) continuum methods and (b) discontinuum methods. The basic idea of continuum methods is to discretize 
complex models and transform the displacement and stress fields into linear or nonlinear equations to solve [38], which is favorable for 
modeling engineering problems [39–42]. However, continuous methods cannot deal with complex discontinuities and capture 
microscopic damage and failure behavior because the geomaterials would break during loading. Therefore, other numerical methods 
to deal with discontinuities have been developed, such as discrete element method [36,43], Particle Flow Code [16,44] and discon
tinuous deformation analysis [45]. 

Compared to the continuum and discontinuum methods, FDEM has recently gained importance in geotechnical and underground 
space engineering due to its ability to simulate the transition from continuous to discontinuous solid states. Many scholars have 
contributed significantly by implementing numerous novel features to the fundamental mechanical framework of the FDEM [46–53]. 
Particularly, Yan et al. proposed the adaptive finite-discrete element method [54] and built many FDEM based THM coupled models 
[55–82]; all of these models have been integrated into the MultiFracS software [54,65,83], which significantly improves the appli
cation scope of FDEM. Therefore, this study introduces the Weibull distribution function in the FDEM-GBM model to investigate the 
microstructural heterogeneity caused by grain morphologies using Voronoi tessellation technology. 

This study investigated the impact of calcite grains on the mechanical behavior of coal. A grain-breakable FDEM model was 
constructed based on the mineral composition data of the coal containing calcite grains. The model was calibrated to experimental 
results, and then triaxial compression tests with different confining pressures were conducted to understand the effect of calcite grains 
on the mechanical behavior of coal. A Voronoi tessellation technique coupled with a Weibull distribution is used and implemented in 
MultiFracS to simulate the heterogeneity of the real microstructure of coal with calcite grains. The rock strength, deformation 
behavior, and associated crack initiation and propagation of numerical models are investigated and discussed by executing numerical 
tests on specimens with different homogeneity indices. 

2. Model and methodology 

2.1. A brief introduction to FDEM and Neper 

The FDEM was initially conceived by Munjiza [49,84–86], which is particularly suitable for simulating solid fracture due to its 
special element topological connection. The fundamental principle of this method is that the continuum is discretized into finite 
triangular element mesh, and the initial joint element with no thickness is implemented across the common edge of adjacent triangular 
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elements to create a cohesive effect, then each triangular element does not share a node Fig. 1(a). The simulation of crack initiation, 
propagation, and intersection is accomplished by the broken of joint elements. The triangular element is a kind of constant strain 
element that shares the continuous deformation with the unbroken joint element. Fracture constitutive models for joint elements can 
be categorized into three types; namely model I, model II and model I-II, define the failure modes of tensile, shear and mixed tensile- 
shear, respectively as illustrated in Fig. 1(b). There are numerous research on the detailed basic principles of FDEM [49,50,57,85,87]. 

2.2. Governing equation in FDEM 

The system dynamic equation implemented in the FDEM is similar to the DEM equation, which is solved using Newton’s second 
law: 

Mx.. + Cx. = F(x) (1)  

where: 
M represents the mass matrix. 
C repents the damping matrix. 
F(x) is the node unbalanced vector. This vector represents many forces, including the contact force Fc, the node force Fd resulting 

Fig. 1. Basic ideas of FDEM (a) the solution of continuum and connection relationship between triangular and joint elements (b) three types of 
fracture constitutive models of the joint element after Munjiza et al. [85]. 
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from the deformation of the triangular element, the node force Fe obtained from the external loading and the node force Fj developing 
from the cohesive force of the joint elements. 

2.3. Deformation and stress of the triangular element 

The FEM calculates the deformation and stress characteristics of the triangular element. The constitutive relation for isotropic 
elements is expressed as follows [86]: 

T =
1
̅̅̅̅̅̅̅̅̅̅̅̅
|detF|

√

[
E

1 + υEd +
E

1 − υEs + 2μD
]

(2)  

where: 
T represents the tensor stress in a whole coordinate system after finite element deformation. 
F denotes the deformation gradient. 
Ed is the Gree-St Venant strain tensor due to shape modifications. 
Es represents the Gree-St Venant strain tensor due to shape change. 
υ represents the Poisson’s ratio of the material. 
μ is the damping coefficient. 
D is the strain rate tensor. 

2.4. Contact detection and contact force 

FDEM employs the efficient non-binary search (NBS) contact detection algorithm [88] for contact detection and adopts a potential- 
based strategy [89] for evaluating contact force. The time-consuming NBS contact detection algorithm is linear with element numbers. 
The potential-based contact force calculation method overcomes the difficulty of traditional DEM in dealing with point-point contact 
because of its distributed contact force. 

The finite element mesh of the triangular element discretizes the continuum in the solution domain in FDEM, allowing the 
triangular element to solve the contact force of the blocks. The example in Fig. 2(a) illustrates two triangles in contact. These triangles 
are generally called the contactor triangle βc and the target triangle βt. The contact force throughout the whole overlapping domain is 
equal to the force transmitted from βc to βt, which is followed by the force produced from βt to βc in the opposite direction. The overall 
contact force within the overlapping domain is [86,89]: 

fc = pn

∫

Γβc∩ βt

[gradφc(Pc) − gradφt(Pt)]dA = pn

∮

Γβc∩βt

nΓ(φc − φt)dΓ (3)  

where: 
pn denotes the normal penalty. 
grad represents gradient. 

Fig. 2. (a) Solution of the contact force between triangular elements and (b) potential of any point inside the triangular element.  
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A is the overlapping area. 
Pc represents an overlapping point in βc. 
Pt is an overlapping point in βt . 
φc(Pc) is the potential of Pc in βc. 
φt(Pt) is the potential of Pt in βt. 
nΓ represents the outer normal vector of the overlapping area. 
Γβc ∩ βt represents the boundary of two triangles in overlapping areas. 
In addition to developing the meaning of the potential function φ, the potential-based contact force needs to fulfill specific criteria. 

The potential function must keep constant throughout the boundary of the element. Furthermore, the work done by the contact force 
must be equal to 0 under these circumstances. For this study, the potential function given by Munjiza [86] is as follows: 

φ(P) = min
{

3A1

A
,
3A2

A
,
3A3

A

}

(4) 

where: 
A represents the area of the triangular element. 
A1, A2 and A3 are the sub-triangle areas comprised of point P and three sides of the triangle, as illustrated in Fig. 2(b). 

2.5. The Neper software 

Neper is a robust open-source package for polycrystal generation and meshing in 2D and 3D [90]. It can be compiled and run on any 
Unix-like operating system. The program consists of three main modules: generation, meshing, and visualization. Neper generates 
polycrystals as Voronoi tessellations with convex-shaped cells in a space domain (i.e., cuboidal, cylindrical and spherical-shaped 
domains). There are two ways to generate tessellations: one is from cell morphological properties, such as grain size distribution, 
grain shape distribution and detailed grain data obtained from laboratory observation; the other is from multi-scale tessellations. 
Multi-scale tessellations are realized by subdividing the cells of a primary tessellation into a secondary tessellation and combining 
them into one tessellation in the end. Further information about Neper’s other two modules and their associated applications may be 
obtained from subsequent references [90–92]. This research implements Neper software to construct a GBM model that reflects grain 
size distribution. 

Fig. 3. Weibull distribution with different homogeneity indices.  
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2.6. Considering the material heterogeneity 

Coal is a naturally occurring, complex, and heterogeneous geotechnical engineering material. Its mineral composition varies 
widely, and its properties are greatly different. The Weibull distribution function is frequently used in geotechnical engineering to 
evaluate the heterogeneous properties of rock and soil [93,94]. It is important to consider that the material characteristics of coal with 
calcite grains in a polycrystalline structure correspond to the following probability density functions, which constitute to describe its 
heterogeneity: 

f (a) =
m
a

(
a
a0

)m− 1

exp
[(

a
a0

)m ]

(5) 

where: 
a represents the material parameters that satisfy the distribution of the function. 
a0 is nearly equal to the average value of all material properties. 
m indicates the geometric shape of the Weibull distribution function. 
Fig. 3 shows the Weibull distribution function with different m values. When the value of m changes from small to large, the 

distribution of a tends to become more concentrated, and the shape of the Weibull distribution changes from short to high and from 
wide to narrow, showing that the material is more homogeneous. When m→∞, a = a0, indicating that the material is completely 
homogeneous. Therefore, the relationship between real geometric shape and statistical distribution can be established using Eq. (5). 

3. Modeling approach and parameter calibration 

3.1. Model formation and boundary conditions 

In this section, the Neper software is initially used to create a rectangular domain to model the behavior of the Hejiata coal sample 
under triaxial compression loading. The model’s dimensions follow the standard of the International Society for Rock Mechanics 
(ISRM) [95] with a length of 100 mm and a width of 50 mm (Fig. 4(a)). The grain-growth method divides the rectangular model into 
tessellated regions, which are then regularized according to the predefined number of tessellation seeds. The regularization process of 

Fig. 4. Illustrate the initial model for (a) regular coal and coal with calcite grains and (b) applying to mesh.  
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the grain-growth method can remove all small edges, reducing the subsequent mesh’s pathological behavior. The tessellated regions 
represent grains consisting of finer minerals, cementation, and voids, and their associated phases are randomly assigned to simulate the 
microstructure of Hejiata coal. Then, the generated tessellations are meshed into triangular elements (25458) with a size of 0.001 m to 
create a model compatible with the FDEM software MultiFracS (as seen in Fig. 4(b)). The top boundary was fixed at a constant velocity 
of − 0.05 m/s, while the bottom boundary was fixed at a constant velocity of 0.05 m/s. The confining pressures were applied on the left 
and right-side boundaries at the surface force. 

To study the effect of heterogeneity on mechanical properties, numerical models are generated for various homogeneity indices m 
= 2.0, 4.0, 6.0, and 8.0. Li et al. [36] suggest that the constructed grain size must fall within a narrow range to represent the realistic 
microstructures of rocks. The grain size should also be as large as possible to reduce the calculation time. Therefore, the grain number 
selection strategy should primarily consider the computational efficiency and running time of the model and the fact that the natural 
microstructure of coal with calcite grains is visible to the naked eye. As illustrated in Fig. 5, the generated two-dimensional models 
containing 500 Voronoi polygons are created for the triaxial compression test with various confining pressures (0.5 MPa, 1.0 MPa, 2.0 
MPa, 3.5 MPa and 5.0 MPa). The numerical model with a low homogeneity index produces a more irregular grain shape distribution 
(Fig. 5(a and b)), and the irregularity will gradually decrease as the homogeneity index increases (Fig. 5(c and d)). For example, when 
the value of m = 2.0, the shapes of the grains are relatively narrow and sharp. However, if the value of m = 8.0, the grains become more 
rounded. 

3.2. Calibration of micro parameter 

Compared to the DEM, the FDEM needs the calibration of micro-parameters to simulate actual rock models precisely. However, the 
physical parameters in FDEM can be directly selected from those obtained in laboratory tests compared with DEM. For pure me
chanical problems, only two fracture energies (GfI and GfII) of the joint element need to be calibrated. The basic physical parameters 
(density, elastic modulus, cohesion, friction angle and tensile strength, etc.) obtained by [96] the laboratory test of coal and calcite are 
selected as the input parameters for FDEM. Then, uniaxial and triaxial compression tests were conducted on coal and coal with calcite 
grains models to calibrate the fracture energies GfI and GfII. The triaxial compression strengths (TCS) closely match the experimental 
results when the values of GfI and GfII are set to 10 and 250 for regular coal and 10 and 200 for coal with calcite grains, as shown in 
Table 1. To carry out a more detailed evaluation of the effect of different homogeneity indices (m = 2.0, 4.0, 6.0 and 8.0), the same GfI 
and GfII values obtained from the calibration of coal with calcite grains were used. Table 2 lists the calibrated input micro parameters 
for the triangular and joint elements employed in the FDEM calculation. 

Regular coal calibration: Firstly, the GBM model was calibrated to the Young’s modulus and strength parameters (i.e., cohesion and 
friction angle) of regular coal models. Cohesion and friction angle were used to calibrate the GBM model and the coal’s unconfined 
compressive strength to ensure it can capture many features of the coal under different confining pressures. Since no calcite was 
present in the specimens, only one set of triangular and one set of joint parameters were needed to represent the regular coal. As shown 
in Fig. 6, the calibration was performed using the same parameters for the coal matrix and calcite grains in the constructed GBM model. 
This specific model is known as the regular coal model. Confined compression tests were performed on the regular coal model with 
different confining pressures (0.5 MPa, 1.0 MPa, 2.0 MPa, 3.5 MPa and 5.0 MPa). The parameters were carefully modified through trial 
and error until Young’s modulus reached a value of 2.6 GPa and peak strengths were achieved. 

Coal with calcite grains calibration: Once the GBM model was calibrated to the parameters of regular coal, the parameters related 

Fig. 5. Grain shape of Voronoi tessellations with different homogeneity indices (a) m = 2.0, (b) m = 4.0, (c) m = 6.0 and (d) m = 8.0.  
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to calcite and the bonds between calcite and coal were adjusted using the trial-and-error method. This process was carried out until the 
obtained Young’s modulus reached a value of 3.4 GPa, and the peak strengths at various confining pressures (0.5 MPa, 1.0 MPa, 2.0 
MPa, 3.5 MPa and 5.0 MPa) were achieved. Table 2 illustrates the calibrated micro parameters for both the triangular and joint el
ements. Fig. 7 shows a comparison between the experimentally measured strength envelope [96] and the numerically predicted 
strength based on the parameters assumed for the grains and bonds. It is clear from Fig. 7 that the GBM model predicted confined 
compressive strengths were consistent with experimental results for both the regular coal and the coal with calcite grains specimens. 

Table 1 
Calibration of GfI and GfII through Triaxial compression tests.  

Confining 
Pressure/MPa 

Regular coal 
Experimental Results/ 
MPa 

Regular coal 
FDEM Results/ 
MPa 

Coal with calcite grains 
Experimental Results/MPa 

Coal with calcite 
grains FDEM Results/ 
MPa 

m =
2.0 

m =
4.0 

m =
6.0 

m =
8.0  

0.5 36.4 36.3 40.2 39.6 36 39 41 43  
1.0 49.5 51 42.4 45 40 42.8 45 49.8  
2.0 55 57.5 51.4 52 47 48.7 52.4 56  
3.5 61.4 61.7 54 56 51.7 53.4 55.8 60  
5.0 64.5 64.3 56.8 60 54 56.3 60 65.3  

Table 2 
Input micro parameters in FDEM for simulating coal containing calcite grains and homogeneity indices.   

Triangular elements Joint elements 

Mineral Density/ 
(kg/m3) 

Elastic 
modulus/ 
(GPa) 

Poisson’s 
ratio (v) 

Cohesion/ 
(MPa) 

Friction 
angle/(◦) 

Tensile 
strength/ 
(MPa) 

Fracture energy 
release rate for 
regular coal/(J/m2) 

Fracture energy release 
rate for coal with calcite 
grains/(J/m2) 

Coal 1400 4.0 0.25  31.0  34.0  4.0 GfI = 10 GfI = 10 
Calcite 2600 15.0 0.25  45.0  63.0  10.0 GfII = 250 GfII = 200 
Bond N/A N/A N/A  32.0  63.0  3.0    

Fig. 6. Illustrate the GBM model of regular coal.  
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4. Results and discussion 

4.1. Failure pattern 

To evaluate the effect of calcite grains on the mechanical properties of coal, it is necessary to investigate the variations in the failure 
mechanism between regular coal, coal with calcite grains, and the homogeneity index (m) models. Fig. 8 illustrates a numerical 
investigation that evaluates the influence of confining pressure on the number of broken joint elements under the triaxial compression 
of coal and coal with calcite grains models. The important feature observed is the inverse relation between the confining pressure and 
the number of total, tensile and shear cracks, which show a decreasing trend of cracks as the confining pressure increases. Fig. 9 il
lustrates the influence of confining pressure on the number of broken joint elements Fig. 9(a) and the ratio of tensile to shear cracks 
Fig. 9(b). In Fig. 9(a and b), significant findings are observed where the number of broken joint elements and the ratio of tensile to 
shear cracks show a decreasing trend as the confining pressure increases. 

Similarly, Fig. 10 illustrates the influence of heterogeneity on the development of broken joint elements in coal with calcite grains 
during triaxial compression. It can be seen from Fig. 10 that the number of total, tensile and shear cracks decrease with the increase of 
homogeneity indices m value. Fig. 11 illustrates the influence of homogeneity indices on the number of broken joint elements Fig. 11(a) 
and the ratio of tensile to shear cracks Fig. 11(b). As shown in Fig. 11(a and b), the number of broken joint elements and the ratio of 
tensile to shear cracks decrease as the homogeneity indices increase at different confining pressures. Taking a coal with calcite grains 
model with a homogeneity index of m = 4.0 as an example, it is evident that the ratio of tensile to shear cracks reduces from 2.03 % to 
1.64 %, indicating a decrease of 0.39 %. This conclusion is also true for coal with calcite grains samples with different homogeneity 
indices (m = 2.0, m = 6.0 and m = 8.0). 

4.2. Triaxial compression 

Fig. 12 presents the axial stress-strain curves obtained from triaxial compression tests conducted on coal samples with and without 
calcite. The models of Hejiata coal were subjected to different confining pressures ranging from 0.5 MPa to 5.0 MPa. The results 
indicate that the strength of regular and coal with calcite grains increases as the confining pressures increase. However, the presence of 
calcite reduces the peak strength of the coal, particularly at higher confining pressures, because calcite grains cause a high degree of 
heterogeneity. 

A more comprehensive evaluation of Fig. 12 reveals that the presence of calcite significantly improved the coal brittleness. 
Therefore, there is no evident brittle-to-ductile transition for the regular and coal with calcite grains models as the confining pressure 
increases see Fig. 12(a and b). This is because of the strong interlocking of calcite grains in the coal’s post-peak behavior. When the 
brittle coal is loaded and peak strength is reached, the opening and slipping of fractures occur, leading to a dramatic drop in the axial 
stress. However, strong calcite grains significantly improve interlocking, which effectively resists fracture sliding and reduces the drop 
in axial stress. This interlocking effect is more prominent at high confining pressures. The numerical result is consistent with laboratory 
observation. 

The numerical model shown in Fig. 4(a) was used again to analyze a coal with calcite grains model with various homogeneity 
indices. The confining pressures σ3 were set to 0.5 MPa, 1.0 MPa, 2.0 MPa, 3.5 MPa and 5.0 MPa, whereas the associated m values were 
assigned as 2.0, 4.0, 6.0 and 8.0, respectively. The calculation time step was set to 5× 10− 9sec. The input parameters for the coal with 
calcite grains model, such as the elastic modulus, density, cohesion, friction angle and tensile strength obtained from Fuqiang Gao, 
2016 [96] and fracture energy values (GfI = 10 and GfII = 200) were assigned randomly using MATLAB code for the FDEM method, as 

Fig. 7. Comparison of strength envelopes between experimental and numerical results.  
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illustrated in Table 2. The stress-strain curves for various homogeneity indices for triaxial compression tests with different confining 
pressures are shown in Fig. 13. The results show that the heterogeneity has an important effect on the stress-strain curves. There is no 
evident brittle-to-ductile transition at constant homogeneity index and increasing confining pressure from 0.5 MPa to 5.0 MPa. The 
homogeneity index only influences the post-peak stage of the stress–strain curve under the triaxial compression test. The relation 
between the homogeneity index value and the peak value of the triaxial compressive strength is illustrated in Fig. 13, where an increase 
in the homogeneity index value corresponds to an increase in the peak value of the triaxial compressive strength. This finding 
demonstrates that a more homogeneous material exhibits greater strength during the post-peak stage, where significant deformation or 
failure occurs. 

Hence, the following conclusions can be made:  

1) For heterogeneous coal with calcite grains samples with different m values, the triaxial compressive strength σ1 increases linearly 
with increasing confining pressure σ3, as shown in Fig. 14(a).  

2) However, it can be seen from Fig. 14(b) that the triaxial compressive strength σ1 indicates an upward trend when the m values 
increase at the same confining pressure σ3. 

Fig. 8. Influence of different confining pressures on the number of broken joint elements for (a) regular coal model and (b) coal with calcite grains 
model under triaxial compression. 

Fig.9. Influence of confining pressure on the (a) number of broken joint elements and (b) the ratio of tensile to shear cracks for regular coal and coal 
with calcite grains models under triaxial compression. 
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4.3. Cracking pattern 

In general, rock contains mineral grains, fractures, flaws and microcracks. For brittle rocks, the basic reason of cracking is the 
development of weak grain boundaries. The crack propagation occurs when the rock is loaded beyond a certain threshold. The 
investigation of crack initiation, propagation, and coalescence may provide valuable insights into the damage mechanisms in brittle 
materials. Cracks formed in the damage process can be divided into two types: tensile cracks and shear cracks. On the grain-level, 
cracks initiated from weak grain boundaries may extend along the grain boundaries to form inter-grain tensile and shear cracks 
[97]. It is also possible for cracks to propagate through the grain to form intra-grain tensile and shear cracks. The cracking patterns of 
the regular and coal with calcite grains models are examined at different confining pressures, as shown in Fig. 15. For regular and coal 
with calcite grains, as the confining pressure increases, the failure pattern shows a trend from tensile failure to shear failure. A large 
number of shear failures represented by red color occur in regular and coal with calcite grains models when subjected to a confining 
pressure of 0.5 MPa. The ratio of shear cracks increases when the confining pressure increases from 0.5 MPa to 5.0 MPa. However, the 
prevalence of tensile failure represented by blue color remains prominent, as shown in Fig. 15(a and b). 

The failure modes of the generated model for various homogeneity indices (m = 2.0, m = 4.0, m = 6.0 and m = 8.0) in triaxial 
compression tests with different confining pressures are shown in Fig. 16. Under triaxial compression, the homogeneity index 
significantly affects the failure mode. For instance, if the homogeneity index is low (e.g., m = 2.0), more elongated and sharp-angled 

Fig. 10. Influence of heterogeneity on the number of broken joint elements for coal with calcite grains under triaxial compression (a) m = 2.0, (b) m 
= 4.0, (c) m = 6.0 and (d) m = 8.0. 
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polygonal grains are generated in the numerical model. Cracks generated in this geometric microstructure are distributed more evenly. 
As pointed out by Eberhardt et al. [98], this type of geometric structure contributes to providing preferred and continuous paths of 
weakness for growing microcracks to propagate along and promote a more rapid coalescence and interaction of grain boundary and 
intra-grain cracks. When the homogeneity index is high, such as m = 8.0, the numerical specimen shows a higher formation of convex 
polygonal grains. The failure mechanism of numerical models has approximately perpendicular orientation to the horizontal direction. 
After that, cracks propagate more sparsely in a numerical model, resulting in the development of a splitting failure. Therefore, splitting 
failure occurs along the boundaries of different homogeneity index models, specifically in the center, left, and right-side boundaries. 

5. Conclusions 

A grain-based model is an efficient and valuable simulation strategy for analyzing the mechanical properties of crystalline solid 
materials. In the present research, grain structures are generated in Neper software using a normal distribution of grains and then 
imported into MultiFracS to describe the deformation behavior. A comprehensive parametric study has been carried out by using the 
laboratory results of regular coal and coal with calcite grains. Based on the parametric study results, calibration procedures are used to 
determine the mechanical parameters of coal containing calcite grains. This study employed the finite-discrete element method 
(FDEM) to investigate the effect of calcite grains on the mechanical properties of coal. The homogeneity index is utilized in the Weibull 

Fig. 11. Influence of heterogeneity on the (a) number of broken joint elements and (b) the ratio of tensile to shear cracks for coal with calcite grains 
under triaxial compression. 

Fig. 12. Axial stress-strain curves for (a) regular coal and (b) coal with calcite grains.  
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statistical distribution and is integrated into MultiFracS to determine the material heterogeneity resulting from the geometric 
microstructure. The proposed GBM model can accurately represent the actual microstructure of coal with calcite grains and provide a 
quantitative investigation of the influence of heterogeneity on mechanical properties by conducting triaxial compression tests. The 
following conclusions can be drawn:  

1) The presence of calcite increases the Young’s modulus of coal from 2.6 to 3.4 GPa.  
2) Calcite reduces the peak strength of coal, particularly at high confining pressures.  
3) The number of broken joint elements and the ratio of tensile to shear cracks decrease as the confining pressure increases.  
4) Heterogeneity has a significant influence on the stress-strain curves under confined compression tests and it is found that the 

triaxial compressive strength increases linearly with the heterogeneity m value.  
5) The influence of microstructural heterogeneity significantly affects the cracking behavior associated with the corresponding failure 

mechanisms. Many cracks are distributed throughout the numerical model at low heterogeneity, while at high heterogeneity, 
cracks are distributed more sparsely. 

Fig. 13. Stress–strain curves for different homogeneity indices (a) m = 2.0, (b) m = 4.0, (c) m = 6.0 and (d) m = 8.0.  
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Fig. 14. Triaxial compressive strength of various confining pressures and m values (a) and (b) are the different presentation forms.  

Fig. 15. Cracking patterns of the (a) regular coal and (b) coal with calcite grains under confined compression with different confining pressures of 
(A) 0.5 MPa, (B) 1.0 MPa, (C) 2.0 MPa, (D) 3.5 MPa and (E) 5.0 MPa. 
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Fig. 16. Failure patterns of numerical models with different homogeneity indices through compressive tests with various confining pressures.  
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