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Abstract
To explore the differences in mechanical and energy evolution characteristics of coal–rock composite samples with differ-
ent coal–rock height ratios, uniaxial compression tests of coal–rock composite samples with height ratios ranging from 4:1 
to 1:4 were conducted by PFC software. A total of 7 PFC models were built and calculated. Results show that the smaller 
coal–rock height ratios lead to the higher elastic modulus and higher peak strength, both following exponential relationships 
with coal–rock height ratios, while the peak strain decreases linearly with the decrease of coal–rock height ratios. When the 
coal–rock height ratios decrease from 4:1 to 1:3, the fragmentation degree of coal body decreases gradually, and the failure 
modes are mainly of “V” type. And when the ratio is reduced to 1:4, failure mode is no longer of “V” type, the degree of coal 
body breaking becomes larger, and the part of rock body in the composites is also damaged. With the decrease of coal–rock 
height ratios, number of acoustic emission events of the composites increase first and then decrease. And U, U

e
 and U

d
 at 

different coal–rock height ratios exhibited similar trends, all of which increase slowly first, fast afterwards and very sharply 
at the peak stress points. At the peak stress point, the values of total input energy ( U

A
 ) and dissipative energy ( U

A
d ) decrease 

firstly then increase as the coal-rock height ratios decreases and the value of elastic strain energy ( U
A
e ) decrease as coal-

rock height ratios decreases. While the decrease of both U
A
 and U

A
d are larger than U

A
e . These results can provide a useful 

reference for safe and efficient exploitation of coal resources.
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Introduction

Coal is still the main energy source in China (As shown in 
Fig. 1) (CESA 2019; Cheng et al. 2019; Tan et al. 2019a, b). 
As coal mining practice is speeding up from shallow to deep, 
different disasters are also increasing (Zhang et al. 2014; Xie 
2017; Tan et al. 2019a, b). It is found that the occurrence of 
roof fall, coal explosion and rock burst is not only related to 
coal and rock itself, but also closely related to the geologi-
cal structure, occurrence characteristics, and combination 
of coal seam and rock stratum (Ward 1984; Kenetia and 
Sainsbury, 2018; Sun et al. 2018; Thomas 2002; Tan et al. 
2018; Ning et al. 2020; Wang et al. 2020; Zhang et al. 2020a, 
b; Wang and Tian 2018). So the mechanical and deformation 
characteristics of the composite structure formed by coal 
and rock are very important for the safe production of coal 
mines. Many studies also found that height ratios, interface, 
strength of coal or rock, strain rate of loading, loading path 
and confining pressure, etc. have an important influence on 
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stability of composite coal–rock mass (Zhang et al. 2016; 
Liu et al. 2018; Tan et al. 2018; Zhao et al. 2015; Chen 
et al. 2019). Therefore, a comprehensive understanding of 
mechanical characteristics of coal–rock composites is very 
essential to safe exploitation of coal resources.

In recent years, many researches focus on coal–rock 
composite structures, and some achievements have been 
obtained. For instance, the influence of interface (Zhao 
et al. 2015, 2016; Hu et al. 2019; Mishra and Verma 2015), 
strength of coal or rock (Zhao et al. 2020), strain rate of load-
ing (Chen et al. 2019), loading path (Zhao et al. 2021; Liu 
et al. 2016; Chen et al. 2019) and confining pressure (Zuo 
et al. 2011) on the mechanical characteristics of coal–rock 
composites have been carried out through a large number 
of numerical simulations and indoor rock mechanical tests. 
And during the mining practice, thickness of coal or rock 
mass can vary greatly during different segments of the same 
mining area (Álvarez-Fernández et al. 2009; Zhang and Dou 
2006; Chen et al. 2016). Experiments have been carried out 
on coal–rock height ratios and other factors on the mechani-
cal behavior of coal–rock composites, such as uniaxial com-
pression tests (Ma et al. 2020; Chen et al. 2018; Poulsen 
et al. 2014), triaxial compression tests (Wang et al. 2017) 
and Split-Hopkinson pressure bar apparatus dynamic tests 
(Gong et al. 2018; Liu et al. 2014). In addition, Yin et al. 
(2019) made a preliminary study on mechanical properties 
of coal–rock composites with different ratios through labora-
tory rock mechanics test. Tan et al. (2016) studied acoustic 
emission (AE) characteristics and rock burst tendency of 
coal–rock combination bodies through numerical simulation 
test. Zhao et al. (2008) studied precursory information of 
coal rock combination by infrared thermal image and acous-
tic emission. And some researchers have also studied the 
influence of water and temperature on mechanical charac-
teristics of coal–rock composites with different height ratios 
(Huang et al. 2018; Yang et al. 2016). All of these studies 
have achieved a lot of beneficial results on the influence of 
different heights on the mechanical properties of coal–rock 
composites from different aspects.

However, in comparison, these studies fail to consider 
the influence of different coal–rock height ratios on energy 

evolution behavior of coal–rock composites. Given this, this 
paper presents some results of uniaxial compression tests 
on coal–rock composites at different coal-rock height ratios 
with numerical simulation software PFC2D, aiming to study 
the effect of coal–rock height ratios on mechanical proper-
ties, AE and energy evolution characteristics.

Coal–rock composites in engineering 
and mechanical model

The rock layer histogram and the mining schematic diagram 
of the working face are shown in Fig. 2. The occurrence of 
such disasters as rock burst and roof caving in mining engi-
neering is not only related to the impact tendency of coal and 
rock mass itself, but also closely related to the mineral com-
position, geological structure, occurrence characteristics and 
composite form of coal and rock mass (Ward 1984; Kenetia 
and Sainsbury 2018; Thomas 2002; Tan et al. 2018; Wang 
et al. 2020; Wang and Tian 2018). The failure of coal and 
rock is a nonlinear instability phenomenon driven by energy 
(Xie et al. 2005). So if the energy evolution characteristics 
during the deformation and failure of coal–rock composites 
can be analyzed in detail, it is possible to get a closer under-
standing of the causes of failure of coal–rock composites. 
And as can be seen from Fig. 2b, during mining process, 
thickness of coal or rock mass can vary during different seg-
ments of the same mining area (Álvarez-Fernández et al. 
2009; Zhang and Dou 2006; Chen et al. 2016). Therefore, 
it is necessary to study the mechanical and energy evolu-
tion characteristics of coal–rock composites under different 
coal–rock height ratios.

Numerical simulation

Linear parallel bond model and AE Simulation 
by PFC

Since principle of the parallel bonding model (BPM) has 
been introduced a lot in other papers (Cundall and Strack 
1980; Cho et al. 2007), this article only briefly introduces 

Fig. 1   Proportion of coal pro-
duction of major coal producing 
countries in the world in 2016 
and China’s energy structure 
and world’s energy structure 
(CESA 2019; Cheng et al. 2019)
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main characteristics of the BPM used in this paper. In PFC 
program, interaction between particles is expressed by built-
in multiple contact constitutive models. Among them, linear 
contact bond model (Linearcbond) and linear parallel bond 
model (Linearpbond) are most widely used (Cundall and 
Strack 1980; Cho et al. 2007). Linearcbond cannot resist 
bending moments. But Linearpbond can transfer forces 
and moments between different entities and can also resist 
shear and stretching caused by external forces (Fig. 3). As 
remarked by Cho et al. (2007), the parallel bond model is a 
more realistic bond model for rock-like materials whereby 
the bonds may break in either tension or shearing with an 
associated reduction in stiffness. Therefore, this article uses 
Linearpbond model to conduct theoretical research. The 

main micro parameters of simulated materials in the Lin-
earpbond are shown in Table 1 (Cundall and Strack 1980; 
Cho et al. 2007).

AE refers to the phenomenon of elastic cracks and inter-
nal strain energy release during internal crack formation 
and expansion during material’s deformation and failure. 
AE detection technology is a dynamic detection technology. 
It can reflect formation and expansion of internal cracks in 
the process of material deformation and failure in real time 
(Zhang and Wong 2012; Lockner 1993; Mansurov 1994). 
The following are the main characteristic parameters of AE 
signals: ring count, event count, amplitude, energy, rise time, 
duration and effective value voltage. The AE event count 
can reflect crack formation and propagation of material. In 

Fig. 2   Rock layer histogram and the mining schematic diagram of the working face (Chen et al. 2018; Ma et al. 2020)

Fig. 3   Micro-parameters yield-
ing process for micro-bonding 
(Cundall and Strack 1980; 
Zhang et al. 2020a, b)
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the BPM of PFC2D, each crack formation will form an AE 
pulse (Tan et al. 2016; Chen et al. 2019; Zhang et al. 2017). 
By recording number of cracks and post-processing of data 
during uniaxial compression of coal–rock composite sam-
ples with different coal–rock height ratios, it is possible to 
simulate calculation of AE events for coal–rock composite 
samples.

Model description

In the experiments conducted by Yin et al. (2019), standard 
cylinder coal–rock composite samples (50 mm × 100 mm) 
were tested under uniaxial compression (Fig. 4). In this 
study, the above physical experiments only change coal–rock 
height ratios and are repeated by numerical simulation.

This article uses particle flow software PFC2D to build 
a coal–rock composite sample model. First, a 50 × 100 mm 
standard rock sample model numerical test container is 
generated. The model is divided into two parts by adding 
a joint surface with the JSET command in the middle of 
the model. The upper and lower parts are used to simulate 
coal and rock, respectively. Then, micro parameters of the 
model are determined. For this simulation, meso-parameters 
of coal and rock in references (Guo et al. 2018; Zhao et al. 
2016; Chen et al. 2019) are selected, as listed in Table 2. 
The numerical models of coal–rock composite samples are 

shown in Fig. 5. A total of 21,390 circular particles of dif-
ferent sizes were generated. The minimum particle radius is 
0.2 mm and the maximum particle radius is 0.3 mm.

Numerical test scheme

The current simulation work is aimed to study the coal–rock 
height ratios on mechanical behavior of coal–rock composite 
samples under uniaxial compression. A total of seven simu-
lations of uniaxial compression tests on coal–rock composite 

Table 1   The main micro 
parameters of simulated 
materials in Linearpbond model 
(Cundall and Strack 1980; Cho 
et al. 2007)

Particle parameters Description Parallel bond 
parameters

Description

Rmin Minimum particle size −

E
Parallel bonding elastic modulus

Rmax/Rmin Particle size ratios −

K
n
∕

−

K
s

Parallel bond stiffness ratios

ρ Particle density −
�
c

Normal bond strength

Ec Contact elastic modulus −
�
c

Tangential bond strength

Kn/Ks Contact stiffness ratios
μ Particle friction coefficient

Fig. 4   Coal–rock composite samples in the physical experiments (C:R is coal and rock height ratio)

Table 2   Meso-mechanical 
parameters of coal and rock 
(Guo et al. 2018; Zhao et al. 
2016; Chen et al. 2019)

Mechanical 
microparam-
eters

Rock Coal

ρ/kg·m−3 2600 1800
Rmin/mm 0.2 0.2
Rmax/Rmin 1.5 1.5
Ec/GPa 12 4
Kn/Ks 2.5 2.5
−

E/GPa 12 4
−

K
n
∕

−

K
s

2.5 2.5
−
�
c
/MPa 45 15

−
�
c
/MPa 45 15

μ 0.5 0.5
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samples were performed over a range of coal–rock height 
ratios of 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4. Loading is per-
formed by moving upper and lower walls. And loading rate 
is 0.05 m/s. The simulation process of coal–rock composite 
samples with different coal–rock height ratios is divided into 
following four steps:

Firstly, the coal-rock height ratio of 4:1 is tested. The 
upper wall remains stationary, and the lower wall rises at a 
upward speed of 0.05m/s until the sample is broken;

second, record the stress–strain correspondence during 
sample loading process, as well as crack development and 
failure characteristics of the sample;

then, change the coal–rock height ratios, take 3:1, 2:1, 
1:1, 1:2, 1:3 and 1:4, respectively, and repeat the above two 
steps;

finally, according to the stress–strain relationship of 
different coal–rock height ratio samples, characteristics 
of energy accumulation and release during the deforma-
tion and failure process of coal–rock composite samples 
were calculated. The influence of coal–rock height ratios 
on mechanical behavior and energy evolution of test sam-
ples is obtained.

Results and analysis

Effect of coal‑rock height ratios on strength 
and deformation

The full stress–strain curves of the coal-rock composite sam-
ples were obtained at different coal–rock height ratios, and 
mechanical parameters, such as elastic modulus, peak stress 
and corresponding deformation, were determined to explore 
the differences in mechanical parameters and mechani-
cal behavior of coal–rock composite samples at different 
coal-rock height ratios. Figure 6a is uniaxial compressive 
stress–strain curve of coal–rock composite samples with dif-
ferent coal–rock height ratios. Figure 6b shows relationship 
between the uniaxial compressive strength (UCS), elastic 
modulus, and peak strain of the coal–rock composite sam-
ples with different coal–rock height ratios. The elastic modu-
lus, peak stress, and corresponding deformation of different 
coal-rock height ratios samples are listed in Table 3.

From Fig. 6a, it can be seen that stress–strain curve of 
coal-rock composites with different coal–rock height ratios 

Fig. 5   The numerical models of coal–rock composite samples with different coal–rock height ratios

Fig. 6   Axial stress–strain curves and mechanical parameters for different coal–rock height ratios samples. a Axial stress vs. strain curves. b Elas-
tic modulus, peak stress, and corresponding strain
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under uniaxial compression is roughly divided into four 
stages: linear elastic deformations, nonlinear deformations, 
post-peak strain softening, and residual deformations. The 
overall trend is not affected by the coal–rock height ratios, 
but it affects axial strain value corresponding to each stage. 
From Table 3 and Fig. 6b, it can be seen that as the rock 
height in coal–rock combination increases, the uniaxial 
compressive strength, peak strain and elastic modulus of the 
combination are different. This shows that coal–rock height 
ratios affect uniaxial compressive strength, peak strain and 
elastic modulus of the composite samples.

When coal–rock height ratios was reduced from 4:1 to 
1:4, peak strengths of coal–rock composite samples with 
different height ratios increased by 1.24%, 1.05%, 0.09%, 
6.06%, 2.70% and 3.24%, respectively. The increase rate is 
small. This shows that effect of different height ratios of 

coal and rock on the peak strength of the composite samples 
is weak. When coal–rock height ratios was reduced from 
4:1 to 1:4, elastic modulus of coal–rock composite samples 
increased by 4.17%, 4.97%, 15.73%, 19.53%, 10.71% and 
6.98%, respectively. When coal–rock height ratios change 
from 3:1 to 1:3, increase of the elastic modulus of the com-
posite sample is larger. Especially when coal–rock height 
ratios decrease from 1:1 to 1:2, increased trend of elastic 
modulus reaches 19.53%. This is mainly because elastic 
modulus of rock is much larger than that of coal. When the 
proportion of coal decreases, its elastic modulus increases 
rapidly. Unlike uniaxial compressive strength and elastic 
modulus, when coal–rock height ratios are reduced from 
4:1 to 1:4, peak strain of coal–rock composites with different 
height ratios show a decreasing trend. It decreased by 5.21%, 
3.40%, 14.91%, 10.83%, 5.36% and 5.66%, respectively. It 
can be concluded from the above that the overall trend of 
the influence of the coal–rock height ratios on the uniaxial 
compressive strength, elastic modulus and peak strain of 
the composites is that with decrease of the coal–rock height 
ratios, uniaxial compressive strength and elastic modulus 
increase exponentially, while peak strain decreases approxi-
mately linearly. But the trend of increasing or decreasing is 
not the same.

Effect of coal–rock height ratios on failure patterns

The failure patterns of the coal–rock composite samples with 
different coal–rock height ratios are shown in Fig. 7. It can 

Table 3   Numerical simulation results of uniaxial compression of 
coal–rock composites

Coal-rock 
height ratios

Uniaxial compres-
sion strength /MPa

Elastic 
modulus /
GPa

Peak strain /‰

4:1 22.56 5.99 4.03
3:1 22.84 6.24 3.82
2:1 23.08 6.55 3.69
1:1 23.10 7.58 3.14
1:2 24.05 9.06 2.80
1:3 24.70 10.03 2.65
1:4 25.50 10.73 2.50

Fig. 7   Failed coal–rock composite sample and its fracture geometries
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be seen from Fig. 7 that failure the coal–rock composites 
with different coal–rock height ratios mainly occurred in 
coal body, and rock body did not undergo significant dam-
age. But as the coal–rock height ratios decreases, cracks also 
occur in rock body. When it is reduced to 1:3, cracks in 
coal body cause damage to the left and right sides of rock 
body near joint surface. When it is reduced to 1:4, coal body 
cracks propagate along the left and right upper sides of coal 
body, and an obvious crack is generated in rock body at the 
center to the left.

It can also be seen from Fig. 7 that failure mode of the 
coal–rock composite samples is complex failure. Shear 
failure is the main mode. The formation of multiple failure 
surfaces causes the final overall destruction of composites. 
When the height ratio is 4:1, coal body is more broken. 
When the height ratio is reduced from 4:1 to 1:3, the degree 
of coal body fragmentation gradually decreases. And coal 
body failure mode is mainly "V" type. When the coal–rock 
height ratios reduced to 1:4, failure mode is no longer "V" 
type. The degree of coal body fragmentation has increased, 
and rock body in the composites has also been damaged.

Effect of coal–rock height ratios on AE 
characteristics

Figure 8 shows stress and AE variation with strain curves 
in the process of deformation and failure of coal–rock com-
posite samples under the uniaxial compression. It can be 
seen from Fig. 8 that under uniaxial compression conditions, 
changing trend of AE event counts during deformation and 
failure of coal–rock composites under different coal–rock 
height ratios are basically same. The number of AE event 
counts of coal–rock composites at different coal–rock height 
ratios is also roughly divided into four stages corresponding 
to the stress–strain curve of coal–rock composites.

Under uniaxial compression, initial stage of loading is 
the stage of linear elastic deformation. At this stage, in the 
state where stress of coal-rock composite sample is relatively 
small, original cracks in coal–rock composites are closed, 
and basically no new cracks occur. So the AE event count 
is less. This stage is called “quiet stage” (OA) of AE event 
count. With increase of loading stress, primary cracks in the 
coal–rock composites expand, and secondary cracks form 
and propagate. AE event count increases gradually. This 
stage is called "slow increase stage" (AB) of AE event count. 
When stress reaches the peak strength, crack rapidly propa-
gates through. At this stage, AE event count also reached the 
maximum value. This stage is called “burst stage” (BC) of 
AE event count. As loading continues, new cracks will form 
due to residual strength. By the time loading was completed, 
internal cracks in the coal–rock composite samples pene-
trated, macro-cracks formed, and number of cracks gradually 

decreased. This stage is called “falling back stage” (CD) of 
AE event count. It can be seen from Fig. 8 that regardless 
of height ratios of coal and rock, there is an AE event count 
“slow increase stage” before the “burst stage” of AE event 
count. Therefore, the number of AE event counts during the 
AE “slow increase stage” of coal–rock composites with dif-
ferent height ratios suddenly increases, which can be used as 
the precursor information of coal–rock composites failure.

It can also be seen from Fig. 8 that as the coal–rock 
height ratios decreases, peak AE event counts increase 
first and then decrease. The main reason is that for the 
composite body, due to large difference in strength of coal 
body and the rock body, AE mainly occurs in coal body, 
and number of AE event counts decreases with decrease 
of the coal height.

Effect of coal–rock height ratios on energy 
accumulation and dissipation

The destruction of any substance is closely related to its 
energy change. Material destruction is essentially a state 
instability phenomenon driven by energy (Mikhalyuk and 
Zakharov, 1997; Xie et al. 2005). Therefore, energy theory 
can be used to study deformation and failure laws of coal–rock 
composites with different coal–rock height ratios, which is 
helpful for understanding mechanical behavior of coal–rock 
composites with different coal–rock height ratios. In fact, in 
various rock projects, the mining, disturbance and transforma-
tion of rock masses are always accompanied by energy input, 
accumulation, dissipation and release. However, considering 
the irreversibility of dissipative energy and the reversibil-
ity of elastic energy, this paper only considers change law 
of input energy, elastic strain energy and dissipation energy 
of coal–rock composites with different height ratios. Exter-
nal energy input causes energy dissipation such as damage 
and plastic deformation in rock or coal. Energy dissipation 
reduces rock or coal strength. On the other hand, increase in 
elastic energy accumulated in rock or coal increases rock or 
coal’s ability to resist damage. In other words, damage and 
destruction of rock or coal is a process of energy accumula-
tion and dissipation. A rock mass unit deforms under action 
of an external force, assuming that physical process has no 
heat exchange with the outside world. It is a closed system. 
According to law of thermodynamics (Xie et al. 2005; Zhang 
2013; Zhang et al. 2018; Hou et al. 2019):

where U is the input energy from the external environ-
ment, Ue is the elastic energy accumulated inside the rock, 
U

d is the dissipated energy during deformation and damage 
process of rock, and correlation is shown in Fig. 9 (Xie et al. 
2005; Zhang 2013; Zhang et al. 2018; Hou et al. 2019).

(1)U = U
d + U

e
,



	 Environmental Earth Sciences (2021) 80:309

1 3

309  Page 8 of 14

Fig. 8   AE event counts of coal–
rock composite samples with 
different coal–rock height ratios
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As shown in Fig. 9, the shaded area Ue is the elastic strain 
energy stored in the rock due to elastic deformation. Ud is the 
dissipated energy associated with rock damage and plastic defor-
mation. It includes surface energy caused by crack growth and 
plastic deformation energy caused by plastic damage and defor-
mation. The equation for calculating energy of a rock element 
under triaxial stress is shown below (Xie et al. 2005; Zhang 
2013; Zhang et al. 2018; Hou et al. 2019):

where ̄E and 𝜐̄ are the average values of the unloading 
elastic modulus and Poisson’s ratios, respectively.

Equation (4) is the calculation formula for releasable elas-
tic strain energy during triaxial compression. When rock 
undergoes uniaxial compression ( �2 = �3 = 0 ), Eq.  (4) 
becomes:

For different coal–rock height ratios composite samples, 
based on equations described above, energy components U, 
U

e and Ud can be calculated directly from the experimental 
stress–strain curves. Figure 10 shows the change of U, Ud 
and Ue for coal–rock composite samples. And it can be seen, 
energy evolution curves at different coal-rock height ratios 
exhibit similar trends: most of U, Ud and Ue curves increase 
slowly first, fast afterwards and changed very sharply at peak 
stress points. Consistent with change trend of stress–strain 
curve of composites, energy evolution curve of coal–rock 

(2)U = ∫
�1

0
�1d�1 + ∫

�2

0
�2d�2 + ∫

�3

0
�3d�3

(3)U
e =

1

2 ̄E

[

𝜎
2

1
+ 𝜎

2

2
+ 𝜎

2

3
− 2𝜐̄

(

𝜎1𝜎2 + 𝜎2𝜎3 + 𝜎1𝜎3

)]

,

(4)U
e =

�
2

1

2
−

E

composites can also be divided into four stages. As shown 
in Fig. 10d, take coal–rock height ratios = 1:1 for example 
(points a1, a2 and a3 are shown on the X-axis of Fig. 10d):

Stage 1: Linear elastic deformation stage ( 𝜀1 < a1 ): U, Ue 
increased non-linearly. Ud increased linearly, but the increase 
was small.

Stage 2: Nonlinear deformation stage ( a1 < 𝜀1 < a2 ): 
The total energy U and elastic strain energy Ue continue to 
increase linearly with strain. Ud still increases linearly. At 
this time, micro-cracks in the composites have been com-
pletely closed, and total input energy is basically converted 
into elastic strain energy of coal–rock composite sample. 
At this time, energy dissipation is very small.

Stage 3: Yield stage ( a2 < 𝜀1 < a3 ): Total input energy U 
and elastic strain energy Ue continue to increase with defor-
mation. But the rate of increase of elastic strain energy Ue 
gradually decreases. Elastic strain energy at peak strength 
reaches 351.70 KJ/m3. Dissipated energy Ud starts to 
increase from a steady state, and the rate of increase gradu-
ally increases. The main reason is that new micro cracks 
gradually develop inside the coal–rock composites. With 
continuous development of deformation, the number of 
micro–cracks continues to increase, and input energy is dis-
sipated by surface energy of micro–cracks, which causes the 
dissipation energy to begin to increase rapidly.

Stage 4: Post peak residual stage ( 𝜀1 > a3 ): After peak 
strength, the increase rate of total input energy U in the com-
posites slows down, and elastic strain energy Ue decreases 
rapidly. And dissipated energy Ud increases rapidly and then 
gradually decreases. The final dissipated energy Ud exceeds 
elastic strain energy Ue . After elastic strain energy Ue stored 
in composites reaches the energy storage limit, due to gen-
eration of macroscopic cracks, it is quickly released in the 
form of kinetic energy, crack surface energy- and frictional 
energy.

To compare the energy evolution of coal–rock compos-
ite samples with different coal–rock height ratios directly, 
energy evolution curves are plotted in a single figure, as 
shown in Fig. 11. As it can be seen from Fig. 11a, the total 
input energy of the coal–rock composite samples increases 
approximately linearly with strain. The maximum value of 
total input energy of coal–rock composites decreased first 
and then increased with decrease of the coal–rock height 
ratios. When the coal–rock height ratio is reduced from 
4:1 to 1:1, the maximum value of total input energy shows 
a decreasing trend. When decreasing from 1:1 to 1:4, the 
maximum value of total input energy shows an increasing 
trend. With decreasing the coal–rock height ratios, the accu-
mulated elastic energy rises up more rapidly before the peak 
strength (Fig. 11b), and the peak value decreases as well, 
reaching a minimum of 301.93 KJ/m3 at the coal–rock height 
ratios 1:4 reaching a maximum of 426.68 KJ/m3 at 4:1 
(Fig. 11b). After the peak strength, regardless of the height 

Fig. 9   Relationship between dissipative energy and releasable elastic 
strain energy in rock (Xie et al. 2005; Zhang 2013; Zhang et al. 2018; 
Hou et al. 2019)
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ratios of coal and rock, the accumulated elastic strain energy 
rapidly decreases until it disappears after test. In addition, 
the dissipated energy of coal–rock composites gradually 
increases with decrease of the coal–rock height ratios, and 
the peak dissipated energy value decreases first and then 
increases (Fig. 11c), reaching a minimum of 26.32KJ/m3 at 
1:3. It shows that with the decrease of the coal–rock height 

ratios, the internal structure changes caused by the dissipated 
energy will decrease first and then increase. Especially dur-
ing the post-peak failure process, cracks in the coal–rock 
composites have larger propagation and aggregation. From 
the perspective of energy evolution, it is revealed that the 
damage is more serious when the coal body is relatively 
large or small.

Fig. 10   Energy evolution curves 
of coal-rock composite samples 
with different coal–rock height 
ratios (U the total absorbed 
energy, Ue the recoverable 
elastic strain energy, Ud the dis-
sipated energy)
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According to the change of energy and strain of coal–rock 
composites with different coal–rock height ratios, the evo-
lution characteristics of energy are further discussed. The 
total input energy U, recoverable elastic strain energy Ue and 
dissipated energy Ud at the peak point of stress–strain curve 
are designated as U

A
 , Ue

A
 and Ud

A
 , respectively. The relation-

ships between U
A
 , Ue

A
 Ud

A
 and height ratios are illustrated in 

Fig. 12. The values of U
A
 , Ue

A
 and Ud

A
 at peak strength are 

shown in Table 4.
From Table 4 and Fig. 12, it can be seen that the accu-

mulation and dissipation of energy are closely related to 
the coal–rock height ratios. The trends of U

A
 and Ud

A
 with 

coal–rock height ratios are the same. As the coal–rock height 
ratios decrease, U

A
 and Ud

A
 decrease first and then increase. 

As the coal–rock height ratios decrease from 4:1 to 1:4, 
U

A
 decreases from 467.81 to 331.73 KJ/m3, then increases 

from 331.73 to 338.34 KJ/m3, Ud

A
 decreases from 41.13 to 

26.32 KJ/m3, then increases from 26.32 to 36.41 KJ/m3, 
respectively. Unlike U

A
 and Ud

A
 , Ue

A
 tends to decrease approxi-

mately linearly with decreasing coal-rock height ratios. 
When it is reduced from 4:1 to 1:4, its value is reduced 

from 426.68 to 301.93 KJ/m3. As shown in Table 4, as the 
coal–rock height ratios decreases, Ue

A

/

U
A
 increases first 

and then decreases. Ue

A

/

U
A
 increases from 91.2% to 92.7% 

first, then decreases from 92.7 to 89.2%. However, Ud

A

/

U
A
 

tends to decrease first and then increase. Ud

A

/

U
A
 decreases 

from 8.8 to 7.3% first, then increases from 7.3 to 10.8%. The 
results show that the energy dissipation is relatively large as 
the coal proportion is relatively large or small. The dissipa-
tion of energy is closely related to the formation of internal 
cracks. Once again, from the view of energy evolution, it 
shows that the destruction of composites is more serious 
when the proportion of coal body is larger or smaller.

Conclusions

This paper presented the results of a study of height ratios 
on the mechanical and energy characteristics of coal–rock 
composite samples using numerical simulation tests. It was 
found that coal–rock height ratios had significant effects 

Fig. 11   Relationship between energy and strain of coal–rock composite samples with different coal–rock height ratios
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on mechanical behavior and energy evolution of coal–rock 
composite samples. The following are main conclusions 
derived from this study:

(1)	 The smaller coal–rock height ratios, the larger elastic 
modulus and peak strength of coal–rock composite sam-

ples, while axial strain at peak stress seems to decrease 
linearly with decrease of coal–rock height ratios. And 
the elastic modulus and peak strength increased expo-
nentially with the decrease of coal–rock height ratios.

(2)	 The failure modes of test samples changed significantly 
with the decreasing of coal–rock height ratios. When 
the coal–rock height ratio is 4:1, the coal body is more 
fragmented. When the height ratio is reduced to 1:3, the 
degree of coal body fragmentation gradually decreases, 
and failure mode is mainly "V" failure. When it is 
reduced to 1:4, the failure mode is no longer "V", and 
the degree of coal body fragmentation is increased, and 
the rock body in the composites is also damaged.

(3)	 During uniaxial compression failure process of the 
coal–rock composites, the number of AE event counts 
all experienced four stages: "quiet stage", "slow 
increase stage", "burst stage" and "falling back stage". 
And with the decrease of coal–rock height ratios, the 
number of AE event counts of composites increased 
first and then decreased.

Fig. 12   The relationships between U
A
 , Ue

A
 , Ud

A
 and coal–rock height ratios

Table 4   U
A
 , Ue

A
 and Ud

A
 at the peak strength with different coal–rock 

height ratios

Coal-rock 
height 
ratios

U
A
 (KJ/m3) U

e

A
 (KJ/m3) U

d

A
 (KJ/m3) U

e

A

/

U
A

U
d

A

/

U
A

4:1 467.81 426.68 41.13 0.912 0.088
3:1 452.45 415.92 36.53 0.919 0.081
2:1 433.92 402.54 31.38 0.928 0.072
1:1 379.47 351.70 27.77 0.927 0.073
1:2 356.46 329.41 27.05 0.924 0.076
1:3 331.73 305.41 26.32 0.921 0.079
1:4 338.34 301.93 36.41 0.892 0.108
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(4)	 The energy accumulation and dissipation of coal–rock 
composite samples are closely related to ̇coal–rock 
height ratios. The U, Ue and Ud at different coal–rock 
height ratios exhibited similar trends, all of which 
increase slowly first, fast afterwards and very sharply 
at the peak stress points. And values of U

A
 and Ud

A
 

decrease firstly, then increase as coal-rock height ratios 
decreases and value of Ue

A
 decrease as the coal-rock 

height ratios decreases. While decrease of both U
A
 and 

U
d

A
 are larger than Ue

A
 . What is more, when coal–rock 

height ratios decrease, Ue

A

/

U
A
 increases first and then 

decreases. Ue

A

/

U
A
 increases from 91.2% to 92.7% 

first, then decreases from 92.7% to 89.2%. However, 
U

d

A

/

U
A
 tends to decrease first and then increase. Ud

A

/

U
A
 

decreases from 8.8% to 7.3% first, then increases from 
7.3 to 10.8%.

(5)	 In this paper, the mechanical and energy character-
istics of coal–rock composite samples are studied in 
detail through numerical simulation test. However, 
only simulation and experimental research of small-
scale composite test samples in laboratory are cur-
rently performed, and research on field scale is yet to 
be performed. In addition, influence of coal and rock 
heterogeneity and joints are not considered in numeri-
cal simulation. So more research work need to be done 
to understand this issue.
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