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the elastic strain energy, dissipation energy and total 
input energy of the coal-rock combination under dif-
ferent confining pressure unloading rates all increase 
with the increase of the unloading rate. However, the 
increases of the three are different, and the dissipa-
tion energy increases the most. The study can pro-
vide a reference for the unloading mechanical prop-
erties of the combination formed by coal and rock, 
and provides a reference for the excavation unloading 
speed when the half-coal and half-rock roadway is 
excavated.

Keywords  Coal-rock combination · Unloading 
rates · Acoustic emission · Energy characteristics · 
Roadway excavation

1  Introduction

Coal-rock combination is a combination structure 
often encountered in mining engineering. For exam-
ple, the combination of coal pillars and roof or floor 
strata, the combination of coal and rock roadways in 
half-coal and half-rock roadways, the combination of 
coal seams and roof and floor strata during excava-
tion, etc. (Tan et al. 2022; Pan et al. 2021; Ma et al. 
2020). Roof and floor strata and coal seams or coal 
pillars constitute a composite load-bearing system, 
and the instability of any one of them will cause the 
overall failure. The composite structure composed 
of roof and floor rock strata and coal seams or coal 
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pillars is the main carrier of mining engineering (Gao 
et al. 2023; Li et al. 2022a, 2022b). Its overall stabil-
ity and mechanical behavior have an important impact 
on the stability of the mine structure and mine safety.

At present, most of the studies on the mechanical 
behavior of surrounding rocks are concentrated on 
coal and rock alone, and the research on the over-
all mechanical behavior of coal-rock combination is 
also mainly focused on its loading mechanical char-
acteristics. For example, Chen et al. (2023) studied 
the mechanical properties and damage characteris-
tics of coal-rock combination under the action of 
water and rock. The deterioration mechanism of 
coal-rock combination under the action of water and 
rock is analyzed. And using the damage theory to 
build a damage model based on the water immer-
sion time. Wu et  al. (2023) studied the dip angle 
effect of the stress transfer and strength characteris-
tics of the coal-rock combination, and obtained that 
the strength of the coal-rock combination decreases 
with the increase of the dip angle, which has cer-
tain theoretical reference significance for the safe 
and efficient mining of high-dip coal seams. Zuo 
and Song (2022) analyzed the evolution law of 
elastic energy density of coal mass and rock mass 
in coal-rock combinations. And from the viewpoint 
of non-equilibrium thermodynamics and dissipative 
structure, based on the analysis of coal-rock elastic 
energy density difference, the differential energy 
instability analysis model of combined coal-rock 
system is constructed. Yang et al. (2022) carried out 
the true triaxial single-plane air test of the coal-rock 
combination under the coupled action of high static 
load and dynamic and static load, and analyzed the 
mechanical characteristics and strength conditions 
at the interface of the coal-rock combination. The 
failure form, dynamic performance characteris-
tics and evolution law of acoustic emission signals 
of coal-rock combination under different stress 
boundaries are explored. Yang et al. (2020) studied 
the mechanical response characteristics and energy 
partition evolution laws of coal rocks with differ-
ent strength ratio combinations through laboratory 
uniaxial compression tests and numerical simula-
tion calculations. Li et al. (2019) used the separate 
Hopkinson pressure bar (SHPB) to conduct impact 
compression tests on the prefabricated fractured 
coal-rock combination. The energy evolution char-
acteristics of different fracture form combinations 

were explored. And the influence of crack position 
and inclination angle on the fracture fractal dimen-
sion of the combination is analyzed. Based on AE, 
digital camera video and SEM system, Yin et  al. 
(2018) conducted uniaxial compression tests on roof 
sandstone-coal pillar structure samples under differ-
ent loading rates. The effect of loading rate on the 
mechanical behavior of the roof-coal pillar structure 
was studied. In addition, some scholars have stud-
ied the influence of factors such as coal-rock height 
ratio, coal-rock interface dip angle, and coal-rock 
interface parameters on the mechanical properties 
of coal-rock combinations. At the same time, acous-
tic and electrophysical signal characteristics such as 
acoustic emission characteristics and electromag-
netic radiation characteristics of the coal-rock com-
bination were analyzed (Hu et al. 2023; Duan et al. 
2023; Dong et  al. 2020). The above research has 
played a very good guiding role in the stability anal-
ysis of coal-rock combination. However, most of 
the current studies on the mechanical properties of 
composites focus on the loading mechanical proper-
ties, and there is a lack of research on the unloading 
mechanical properties of coal-rock combinations. 
The stress unloading caused by roadway excavation 
and coal seam mining will change the stress state of 
the original rock. The rock mass will be deformed 
and destroyed in the direction of unloading, and 
the mechanical properties of coal and rock will be 
changed accordingly. It may cause disasters and 
accidents such as rock burst, water inrush, gas out-
burst, carbon dioxide and nuclear waste overflow, 
and pose a serious threat to engineering production 
and safety.

Based on this, this paper takes the excavation of 
half-coal and half-rock roadway under unstable stra-
tum conditions as the engineering background, and 
studies the unloading mechanical characteristics of 
coal-rock combination through numerical simula-
tion software. At the same time, the influence of the 
unloading rate on the mechanical and acoustic emis-
sion characteristics of the coal-rock combination is 
analyzed. In addition, the influence of the unloading 
rate on the energy characteristics of the coal-rock 
combination is also obtained by using the energy cal-
culation method. The research of this paper aims to 
provide reference for the excavation and unloading 
speed during the excavation of half-coal and half-rock 
roadway.
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2 � Engineering Background

In some mining areas, due to the extremely unstable 
strata, the roadways are often arranged in the coal 
seam, forming a half-coal and half-rock roadway lay-
out method (Yu et  al. 2014; Yang et  al. 2016; Sha-
banimashcool and Li 2013; Singh et  al. 2011), As 
shown in Fig. 1. When this type of roadway is exca-
vated, the stability of the roadway is not only related 
to the mechanical properties of coal or rock. It is also 
closely related to the mechanical properties of the 
combination whole formed by coal rock. The essence 
of the excavation problem in rock underground engi-
neering and roadway excavation is that the stress 
or strain of the rock mass in a certain direction is 
released, thereby destroying the original mechanical 
balance state, causing new deformations, even frac-
tures, and fragments of the rock mass. The excavation 
and unloading of the half-coal and half-rock roadway 
will also have a certain impact on the coal-rock com-
bination, and the mechanical properties will change 
greatly at different excavation and unloading speeds. 
Roadway instability is the result of the overall failure 
of coal-rock combination, and the excavation unload-
ing speed is also crucial to its stability during the 
excavation process (Peng and Liu 2020; Wang and 

Xie 2010; Zhang et  al. 2017; Son and Moon 2017; 
Wang et al. 2020).

The mechanical behavior of rock under excavation 
and mining conditions can be simply obtained from 
routine laboratory tests or numerical simulation test 
curves. Although there will be certain errors, they 
will reflect the same laws. Next, the numerical sim-
ulation test will be carried out on the standard rock 
mechanics test specimen (d × h = 50 × 100 mm) of the 
coal-rock combination through the numerical simula-
tion software PFC, and the influence of the unloading 
rate on its mechanical, AE and energy characteristics 
will be studied.

3 � Numerical Computational Model

3.1 � Numerical Model

Cundall and Strack (1983) introduces the particle 
flow theory created by molecular dynamics, focusing 
on analyzing the damage characteristics of materials 
from the perspective of mesomechanics. It enables 
the study of large deformation processes from linear 
elasticity up to failure. It is mainly used in the study 
of rock materials without defining the constitutive 
model of the material. Only need to set the mesome-
chanical parameters and the bonding model between 
particles, the complex nonlinear stress–strain relation-
ship can be expressed. The parallel bond model (Lin-
earpbond) in the PFC program can transmit force and 
moment between different entities, and can also resist 
shear and tension caused by external forces (Cundall 
and Strack 1983). Therefore, in this paper, the Lin-
earpbond model is used to simulate the unloading 
mechanical properties of coal-rock combination. The 
constitutive behavior of the microscopic parameters 
in the parallel bond model is shown in Fig. 2.

In this paper, the particle flow software PFC is 
used to establish the coal-rock combination model. 
First, a numerical test container of a standard rock 
sample model with a size of 50 mm × 100 mm is gen-
erated. Then, by adding a joint surface with the JSET 
command in the middle of the model, the model is 
divided into upper and lower parts, which are used to 
simulate rock and coal respectively. Then determine 
the mesoscopic parameters of the model. In the Lin-
earpbond model, the mesoscopic parameters mainly 
include parallel bond modulus, parallel bond stiffness 

Fig. 1   Schematic diagram of roadway excavated in half coal 
and half rock
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ratio, normal bond strength, tangential bond strength, 
etc. Reference (Guo et al. 2018) has already checked 
the mesoscopic parameters, so for convenience, this 
simulation selects the coal and rock mesoscopic 
parameters in the literature (Guo et al. 2018), as listed 
in Table  1. The established coal-rock combination 

model is shown in Fig.  3. A total of 21,390 round 
particles of different scales were generated. Among 
them, the minimum particle radius is 0.2 mm, and the 
maximum particle radius is 0.3 mm.

3.2 � Numerical Simulation Scheme

In order to determine the strength and deformation 
characteristics of the coal-rock combination under 
different confining pressure unloading rates, the con-
ventional biaxial compression test of the coal-rock 
combinations under the confining pressure of 5 MPa 
is firstly carried out. The strength value of the coal-
rock combinations under the confining pressure of 
5 MPa under conventional biaxial loading is obtained. 
Then the confining pressure unloading test of the 
coal-rock combinations under different unloading 
rates is carried out. The unloading test procedure is to 
first increase the confining pressure at a loading rate 
of 0.05 mm/s to the set confining pressure of 5 MPa. 
Then add axial compression at a rate of 0.05  mm/s 
to 50% of the axial compression strength when the 
confining pressure of conventional biaxial loading is 

Fig. 2   Constitutive behavior of microcosmic parameters in 
PFC simulation (Cundall and Strack 1983)

Table 1   Micromechanical parameters of coal and rock (Guo et al. 2018)

Mechanical 
parameters

ρ/kg m−3 Rmin/mm Rmax/Rmin Ec/GPa Kn/Ks E/GPa K
n
∕K

s
σ
c
/MPa τ

c
/MPa µ

Rock 2600 0.2 1.5 12 2.5 12 2.5 45 45 0.5
Coal 1800 0.2 1.5 4 2.5 4 2.5 15 15 0.5

Fig. 3   Numerical calcula-
tion model and physical 
model of coal-rock combi-
nation samples
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5  MPa. Then keep the axial pressure constant, and 
release the confining pressure at the rate of 0.001, 
0.005, 0.01, 0.025 and 0.05 mm/s respectively. Stop 
the simulation test until the sample is destroyed. The 
conventional biaxial loading and unloading paths are 
shown in Fig. 4.

3.3 � Energy Calculation Method

The energy change in the coal-rock combination dur-
ing loading and unloading is shown in Fig.  5. The 
calculation method of the total input energy U, dis-
sipation energy Ud, and elastic strain energy Ue of 
the coal-rock combination at different unloading 
rates refers to the calculation method of Xie et  al. 
(Xie et al. 2005; Ma et al. 2021; Zhou et al. 2023), as 
follows

where E and v are the average values of the unload-
ing elastic modulus and Poisson’s ratio, respectively. 
U, Ud, and Ue are the total input energy, dissipation 
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4 � Results and Discussion

4.1 � AE Characteristics of Coal‑Rock Combination at 
Different Rates of Unloading Confining Pressure

In PFC2D BPM, each crack formation forms an AE 
pulse (Ma et  al. 2020; Zhao et  al. 2016; Du et  al. 
2018; Zhang et  al. 2023). There are also differences 
in the AE characteristics and generation mecha-
nism of the coal-rock combination sample under 
the effect of different confining pressure unloading 
rate. By recording number of cracks and the post-
processing of data during uniaxial compression of 
coal-rock combination with different unloading rates, 
calculation of AE events for the failure of coal-rock 
combination can be simulated. And the effect of dif-
ferent confining pressure unloading rate on AE char-
acteristics of coal-rock combination samples will be 
obtained. Figure 6 is a counting diagram of AE events 
at different unloading rates for the coal-rock combi-
nation under the same confining pressure. It can be 
seen from the figure that the whole failure process of 
the coal-rock combination under the same confining 
pressure and different confining pressure unloading 
rates can be divided into five stages for analysis. (1) 
Steady stage of AE: The coal-rock combination has 
passed the compaction stage, and at the beginning 

Fig. 4   Schematic diagram of stress path changes during the 
test

Fig. 5   Relationship between dissipative energy and releasable 
strain energy of coal and rock (Xie et al. 2005; Ma et al. 2021; 
Zhou et al. 2023)
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Fig. 6   AE events of coal-rock combination under different unloading rates
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of unloading, the disturbance is relatively small, and 
the acoustic emission event count is at a very low 
level. (2) The initial increase stage of AE: As the 
unloading continues, the stress difference between 
the axial pressure and the confining pressure contin-
ues to increase, and at this stage the coal-rock com-
bination produces a small amount of acoustic emis-
sion signal and the signal is getting stronger. (3) AE 
unstable stage: Unsteady changes in AE event counts 
as the stress difference continues to increase. (4) AE 
burst stage: The confining pressure is continuously 
unloaded, the stress difference reaches the maxi-
mum, the number of AE events reaches the maxi-
mum, and the coal-rock combination is destroyed 
with the continuous unloading of the confining pres-
sure. (5) AE disappear stage: After the unloading is 
over, the AE signal of the assembly destruction disap-
pears. Regardless of the unloading rate, the AE event 
count during the unloading process basically changes 
in these five stages. Therefore, stage (3), the initial 
unstable stage of AE, can be regarded as the precur-
sor signal of unloading damage.

The difference is that with the increase of the 
unloading rate of the confining pressure, the number 
of AE events during the unloading failure of the coal-
rock combination increases continuously. When the 
unloading rate increased from 0.001 to 0.050 mm/s, 
the count of AE events increased from 24 to 39, an 
increase rate of 63%. That is, the greater the unload-
ing rate, the more serious the damage of the coal-
rock combination will be. It can also be seen from 
the figure that the faster the unloading rate of the 
confining pressure is, the faster the confining pres-
sure decreases, the shorter the time required for the 
destruction process of the coal-rock combination, and 
the more severe the damage is.

4.2 � Crack Number Change and Deformation Failure 
Characteristics of Coal‑Rock Combination with 
Different Confining Pressure Unloading Rates

Figure  7 is the change diagram of the number of 
cracks in the coal-rock combination under different 
unloading rates. It can be seen from Fig.  7 that at 
different unloading rates, the number of cracks in 
the coal-rock combination has the same trend. That 
is, the number of cracks basically does not change 
at the beginning of unloading. With the progress 
of unloading, the stress difference between axial 

pressure and confining pressure increases, and the 
number of cracks increases slowly. Then when 
approaching unloading failure point, the number of 
cracks increased rapidly, and the combination sam-
ple was damaged. Then the number of cracks does 
not change after unloading. The difference is that 
as the unloading rate increases, the total number of 
cracks increases correspondingly. From 4504 when 
the unloading rate is 0.001 mm/s to 6125 when the 
unloading rate is 0.05  mm/s, with an increase of 
36%.

The failure modes of coal-rock combination at dif-
ferent confining pressure unloading rates. It can be 
seen from Fig. 8:

(1)	 The unloading failure surface of the coal-rock 
combination is mainly the combined failure 
of shear and tension. With the increase of the 
unloading rate, the surface of the coal-rock com-
bination gradually changes from composite ten-
sile shear failure to shear failure.

(2)	 The higher the unloading rate, the simpler the 
failure mode of the coal-rock combination. And 
the breaking angle has a decreasing trend. This is 
because the greater the unloading rate, the closer 
the coal-rock composite sample is to the uniaxial 
compression state.

(3)	 When the unloading rate is small, the damage of 
the coal-rock combination mainly occurs in the 
coal mass. With the increase of the unloading 
rate, the failure of the coal-rock combination not 
only occurs in the coal body part, but also in the 

Fig. 7   Changes in the number of cracks in the coal-rock com-
bination under different unloading rates
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rock part. And the greater the unloading rate, the 
more serious the damage of the rock part.

The unloading of confining pressure has a signifi-
cant impact on the strength of coal-rock combined 
body. After unloading, the cohesion and internal fric-
tion angle of the coal-rock combined body are signifi-
cantly reduced (Chen and Li 2008). The process of 
coal-rock combined body damage and failure under 
unloading confining pressure is the transition of coal-
rock combined body from a high confining pressure 
stress state to a low confining pressure state. That is, 
the transition from a plastic state to a brittle state. 
Compared to continuous loading failure, unloading 
failure is more sudden, similar to splitting failure 
under uniaxial compression.

4.3 � Energy Characteristics of Coal‑Rock 
Combination with Different Confining Pressure 
Unloading Rates

Figure 9 shows the energy evolution curves of coal-
rock combination under different confining pres-
sure unloading rates. It can be seen from Fig. 9 that 
the elastic strain energy, dissipated energy and total 
input energy of coal-rock combination under differ-
ent unloading rates are basically the same. Before 
the unloading failure point, the three factors increase 
continuously with the increase of strain. Initially 
the rate of increase of elastic strain energy is lower 
than the rate of increase of dissipated energy. The 
increase rate of elastic strain energy increases rap-
idly when approaching the unloading failure point. 
When the stress peak value is reached, the elastic 
energy storage reaches a certain surface energy of 
the specimen unit. A large amount of elastic energy 

is released quickly, and the cracks of the coal-rock 
composite sample converge and penetrate, forming a 
macroscopic fracture surface. Failure occurs in a very 
short time. Dissipated energy rises rapidly. Compared 
with the degree of energy conversion before the peak 
stress, the energy conversion at this stage is more 
intense. After entering the plastic flow stage, the axial 
strain continues to increase with time, but the energy 
change tends to be moderate. All energies are basi-
cally stable, or the amount of change is small.

In order to more intuitively compare the influence 
of unloading rate on the elastic strain energy and dis-
sipation energy of coal-rock combinations, the curves 
of elastic strain energy, dissipation energy and total 
input energy at the peak strength of coal-rock com-
binations under different unloading rates are drawn 
(Fig.  10). It can be seen from Fig.  10 that the elas-
tic strain energy, dissipation energy and total input 
energy at the peak strength of the coal-rock combina-
tions at different unloading rates all increase with the 
increase of the unloading rate. However, the increases 
of the three are different. When the unloading rate 
increases from 0.001 to 0.050  mm/s, the increase 
rates of elastic strain energy, dissipation energy and 
total input energy are 15.90%, 67.03%, and 39.78% 
respectively.

5 � Discussion

The problem of rock mass unloading failure caused 
by underground engineering such as tunnel exca-
vation has attracted attention in the field of rock 
mechanics due to its different failure mechanisms 
from those under continuous loading. In mining 
engineering, a large number of coal pillars have 

Fig. 8   Failure diagrams of 
coal-rock combination at 
different unloading rates



2267Geotech Geol Eng (2024) 42:2259–2270	

1 3
Vol.: (0123456789)

been left for safety, protection, waterproofing, and 
other purposes. The coal pillars form a combina-
tion of coal and rock with the roof and floor rocks. 
Numerous studies have been conducted on the 

loading mechanical properties of coal-rock com-
bined body, but little has been done on the unload-
ing mechanical properties of coal-rock combined 
body. Based on this, this article studies the effect 

Fig. 9   Energy evolution characteristics of coal-rock combination under different unloading rates
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of confining pressure unloading rate on mechani-
cal and energy characteristics of coal-rock combi-
nations. The AE, changes in the number of micro-
cracks, and energy characteristics of coal-rock 
combinations under different unloading rates were 
obtained. The results show that the unloading of 
confining pressure has a significant impact on the 
strength of coal-rock combined body. After unload-
ing, the cohesion and internal friction angle of the 
coal-rock combined body are significantly reduced. 
The process of coal-rock combined body damage 
and failure under unloading confining pressure is 
the transition of coal-rock combined body from a 
high confining pressure stress state to a low con-
fining pressure state. That is, the transition from 
a plastic state to a brittle state. Compared to con-
tinuous loading failure, unloading failure is more 

sudden, similar to splitting failure under uniaxial 
compression.

However, the paper did not compare the differ-
ences in loading and unloading mechanical properties 
of coal-rock combinations. There is also no compari-
son of the mechanical properties of coal, rock mon-
omer, and coal-rock combination under unloading 
conditions. Although literature (Ma et  al. 2021) has 
studied the characteristics of coal-rock combinations 
under different loading rates (Fig. 11), the rate is dif-
ferent from the unloading rate in this paper.

However, from Fig. 11, it can be seen that the fail-
ure form of the coal-rock combination during loading 
mainly occurs in the coal body part. The rock part 
of the coal-rock combination is basically not dam-
aged. The failure of the coal-rock combination dur-
ing unloading is more severe than that during loading. 
Compared to continuous loading failure, unloading 
failure is more sudden, similar to splitting failure 
under uniaxial compression. However, when compar-
ing the mechanical characteristics of coal-rock com-
binations during loading and unloading, it is neces-
sary to compare various mechanical characteristics 
at the same rate. At the same time, it is also neces-
sary to conduct research on the comparison of coal, 
rock monomers, and coal-rock combinations under 
unloading action in our future work.

6 � Conclusions

(1)	 The AE changes in the whole failure process of 
coal-rock combination at different unloading 
rates can be roughly divided into the following 
five stages: AE stable stage, AE initial increase 
stage, AE initial instability stage, AE burst stage, 
AE disappearance stage. With the increase of 

Fig. 10   Variation curves of elastic strain energy, dissipation 
energy and total input energy at the peak strength of coal-rock 
combination under different unloading rates

Fig. 11   Micro cracks at 
failure in the coal-rock 
composite samples under 
different loading rates (Ma 
et al. 2021)
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unloading rate, the count of AE events during 
unloading failure of coal-rock combination is 
increasing. When the unloading rate increased 
from 0.001 to 0.050  mm/s, the number of AE 
events increased from 24 to 39, with an increase 
rate of 62.5%.

(2)	 The unloading failure forms of the coal-rock 
combinations is mainly the combined failure 
of shear and tension. With the increase of the 
unloading rate, the forms of the coal-rock combi-
nation gradually changes from composite tensile 
shear failure to shear failure. When the unloading 
rate is small, the damage of the coal-rock combi-
nation mainly occurs in the coal body part. With 
the increase of the unloading rate, the failure of 
the coal-rock combination not only occurs in the 
coal body part, but also in the rock part of the 
combination.

(3)	 The change trends of elastic strain energy, dissi-
pation energy and total input energy of coal-rock 
combination under different unloading rates are 
basically the same. Before the unloading failure 
point, the three all increase with the increase of 
strain. The dissipated energy increases rapidly 
and the elastic strain energy decreases rapidly 
during unloading failure. At different unload-
ing rates, the elastic strain energy, dissipation 
energy and total input energy at the failure point 
all increase with the increase of unloading rate. 
When the unloading rate increases from 0.001 
to 0.050 mm/s, the increase rates of elastic strain 
energy, dissipation energy and total input energy 
are 15.90%, 67.03%, and 39.78%, respectively.

Although the study can provide a reference for 
the excavation unloading speed when the half-coal 
and half-rock roadway is excavated, it still has a few 
shortcomings. For instance, there is currently no 
comparison of the differences of mechanical char-
acteristics between loading and unloading of coal-
rock combination. There is also no comparison of 
the mechanical properties of coal, rock monomer, 
and coal-rock combination under unloading condi-
tions. Last, further research is needed on the failure 
mechanism of coal-rock combinations under differ-
ent unloading rates. Thus, we can take more targeted 
actions by researching the relationships and finding 
the connection among the various types of loading or 
unloading forms.
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