
Research Article
Mechanical Properties and Damage Behavior of Rock-Coal-Rock
Combined Samples under Coupled Static and Dynamic Loads

Jinzheng Bai ,1,2 Linming Dou ,1,2 Piotr Małkowski ,3 Jiazhuo Li ,4 Kunyou Zhou ,1,2

and Yanjiang Chai 1,2

1School of Mines, China University of Mining and Technology, Xuzhou 221116, China
2State Key Laboratory of Coal Resources and Mine Safety, China University of Mining and Technology, Xuzhou 221116, China
3AGH University of Science and Technology, al. Mickiewicza Av. 30, 30-059 Krakow, Poland
4State Key Laboratory of Mining Response and Disaster Prevention and Control in Deep Coal Mines, Anhui University of Science
and Technology, Huainan 232000, China

Correspondence should be addressed to Linming Dou; lmdou@126.com

Received 4 June 2021; Accepted 9 August 2021; Published 1 September 2021

Academic Editor: Zhijie Wen

Copyright © 2021 Jinzheng Bai et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This research is aimed at investigating the influence of the coal height ratio on the mechanical properties and damage behavior of
rock-coal-rock combined samples (RCRCS) under coupled static and dynamic loads. For this purpose, a uniaxial cyclic dynamic
loading experiment with four different coal height ratios of RCRCS was conducted. Mechanical properties, failure modes, and
wave velocity evolution of RCRCS were analyzed; the process of rock burst under coupled static and dynamic loads in rock-
coal-rock combined structure was discussed. The following research results are obtained. (1) The peak strength of RCRCS
under static and dynamic load decreases with the increasing coal height ratio as an inverse proportional function. (2) The
loading and unloading modulus remains consistent for the same levels of dynamic load; the coal height ratio of 40% may be
the limit for the stable value of modulus. (3) The increase of the coal height in RCRCS leads to a gradual increase of the
energy release rate; the cracks develop preferentially in coal and then extend to rock sample. The distribution of AE events and
damage is consistent with the distribution of passive wave velocity. The research results provide important scientific bases for
the guidance of early warning of rock burst.

1. Introduction

Rock burst is a dynamic disaster in mining engineering with a
sudden and violent release of elastic energy accumulated in
coal and rock, which poses a significant risk to mine safety
[1–3]. The number of coal mines in China with rock burst
disasters has been raised from 32 in 1985 to more than 253
in 2019 [4]. For rock bursts in China, some typical features
were observed: (1) Accidents are mostly occurred next to
gobs or advancing working face [5, 6]. (2) Coal bodies were
broken into powder and rushed out several meters, accompa-
nied by the extensive collapse of the overburden strata; the
weak floor suddenly rushed uplifted and caused the entire
roadway section to be closed instantly [7]. (3) Accidents are
mostly controlled by high static stress caused by mining dis-

turbance, complex geological environment, and dynamic
stress caused by fault slipping, hard roof breaking, and
large-charge roof blasting [8, 9]. Observations showed that
the clamping effect of roof-floor surrounding rock on the
coal body becomes more significant as the mining depth
increases. Rock burst is not caused by a single rock layer or
coal seam but by the structural damage of the roof-coal-
floor combined system. Therefore, it is of great significance
to investigate the interaction mechanism of static load and
dynamic disturbance in the process of rock burst [10–12].

In recent years, certain researchers have conducted valu-
able laboratory experiment investigations on mechanical
behaviors of coal-rock combined samples. Petukhov and
Linkov [13] first discussed the postpeak failure properties
of two-body combined samples composed of rock and coal.
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Zhao et al. [14] carried out the uniaxial compression test and
studied the effect of peak compression strength upon the AE
characteristics and P-velocity. Zuo et al. [15] investigated the
deformation and failure behavior of rock-coal-rock com-
bined body containing a weak coal interlayer by uniaxial
and triaxial tests. Chen et al. [16] analyzed the evolution of
internal cracks of coal-rock combined samples based on X-
ray computed tomography observations. Zhao et al. [17]
established the equivalent homogenous model of coal-rock
combined samples and obtained the strength behavior of
the combined model composed of different rock mediums
and structural plane.

With further in-depth study, researchers are gradually
aware that dynamic disturbance functions as an unneglect-
able external condition among numerous factors that induce
rock bursts under deep mining [18, 19]. Zhang et al. [20]
studied the energy dissipation characteristics of pure coal
samples under multilevel frequency cyclic loading. Gong
et al. [21] explored the effect of high loading rate on the
mechanical properties of coal-rock combinations. Hu et al.
[22] reproduced the cyclic disturbance-induced rock burst
in the laboratory using a true triaxial testing system.

However, existing research results mainly focused on the
mechanical behavior of coal-rock combined samples under
pure static load, while a limited number of studies have been
published on the deformation properties and damage behav-
ior of RCRCS under coupled static and dynamic loads. In
this study, an experiment of RCRCS with different coal
height ratios under coupled static and dynamic loads was
conducted. Effects of coal height ratio on mechanical prop-

erties, failure mode, and wave velocity evolution of RCRCS
are mainly researched in this study. Further, the process of
rock burst under coupled static and dynamic loads was
discussed, which provides important reference bases for the
on-site early warning of rock burst.

2. Methodology

2.1. Sample Preparation. Coal samples used for the experi-
ment were collected from the 3-3# coal seam in Yutian coal
mine which is located in Xinjiang Uygur Autonomous
Region, China; siltstone samples were collected from the
immediate roof of the 3-3# coal seam. According to the Chi-
nese National Standard for Coal Mining Industry, both the
coal seam and siltstone layer have an extremely strong burst
tendency as shown in Table 1. Numerous researches showed
that the coal height ratio has a significant control effect on
the mechanical properties of RCRCS [23]. To reflect the
clamping effect of roof samples on the coal samples, four sets
of samples with different coal heights were prepared for the
experiment. Every set had different coal height as shown in
Figure 1: group “A”—coal height ratio 20%, group “B”—coal
height ratio 30%, group “C”—coal height ratio 30%, and
group “D”—coal height ratio 50%. The height of floor
siltstone samples was always 25mm, while the height of roof
siltstone samples changed with the coal height.

According to the requirement by the ISRM standard
[24], the combined samples were with a diameter of
50mm and a height of 100mm. Every part of the RCRCS

Table 1: Burst tendency index of the 3-3# coal seam and siltstone from Yutian coal mine.

Coal burst tendency index

Dynamic failure
duration (ms)

Elastic strain energy index Bursting energy index
Uniaxial compressive

strength (MPa)
Burst tendency
classification

37.60 3.44 20.79 17.82 Strong

Siltstone burst tendency index

Elastic modulus (GPa) Bending energy index
Strong

12.20 169.88
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Figure 1: Sketch map of rock-coal-rock combined samples.

2 Geofluids



was bonded with super glue; physical properties and initial
wave velocity of RCRCS were listed in Table 2.

2.2. Test Device and Measuring System. The tests were car-
ried out in the State Key Laboratory of Coal Resources and
Safe Mining of China University of Mining and Technology.
The test system is divided into a loading system, an acoustic
emission monitoring system, and a high-speed camera sys-
tem (Figure 2). The 370.50 fatigue-testing machine produced
by MTS Corporation in the United States was used to per-
form multilevel cyclic dynamic load, with a maximum load
of 500 kN. The loading system can realize constant ampli-
tude, variable amplitude, and block waveform loading. The
PCI-II monitoring system produced by PAC Corporation
was applied to capture AE signal features during the test.
Eight R15-a sensors were arranged on the surface of the
combined sample to be measured through hot melt adhesive
to obtain the spatial distribution of AE events. The sampling
rate of the system was 2MHz and the gain of the preampli-
fier was set as 40 dB. The values of peak definition time
(PDT), hit definition time (HDT), and hit lockout time
(HLT) were selected as 50μs, 200μs, and 300μs, respec-
tively. The GX-3 high-speed camera system produced by
NAC Corporation in Japan was used to capture the defor-
mation and failure characteristics of combined samples in
the whole test, which can shoot 2000 frames per second,
showing the resolution of 680 × 480 pixels.

2.3. Test Scheme. The dominant frequency band of a wave-
form signal of a typical rock burst accident in Yutian coal
mine was analyzed. On this basis, the frequency of the
applied cyclic dynamic load was determined as 5Hz by com-
bining with the mechanical properties of the fatigue testing.
Relevant research results showed that the strain rate of
dynamic load in the coal mine is usually within the range
of 10-3·s-1~101·s-1 [25], and the strain rate of cyclic dynamic
load considered in this paper is about 10-2·s-1, which meet
the above requirements. Therefore, the test results can better

reflect the actual situation of rock burst due to external
dynamic load disturbance.

The stress-controlled was used in the test, and the load-
ing path was divided into four stages as shown in Figure 3,
(I) static load stage: the load reached 10 kN at a rate of
300N/s from the initial state; (II) hold load stage: the static
load remains unchanged for 10 s; (III) cyclic dynamic load
stage: the oil source drives the indenter to apply a sinusoidal
dynamic load to the samples; (IV) hold load stage: the static
load remains unchanged for 10 s. The dynamic load fre-
quency was 5Hz; the upper and lower load limits are
10 kN in each cyclic dynamic load stage, while 100 cycles
were repeated. Afterward, the procedure was repeated in
the order of I-II-III-IV until the combined sample was
irreversibly damaged; the test was ended.

3. Results

3.1. Strain-Stress Curve. As the most important constitutive
relationship in material mechanics, the strain-stress curve
can reflect the deformation behavior of the material under
a given stress state. Figure 4 illustrates the strain-stress curve
of RCRCS with different coal height ratios under coupled
static and dynamic loads. To facilitate the analysis, the stress
behavior of the pure coal and siltstone sample under static
load is drawn for comparison. In addition, from reaching the
peak strength to completely losing the load-bearing capacity,
both RCRCS and the pure coal sample undergo an obvious
yielding stage and fail gradually. However, siltstone samples
with higher brittleness have a faster fracture rate and a more
violent stress reduction process. The coal height ratio has a
key influence on the mechanical properties and failure behav-
ior of RCRCS, which will be analyzed in detail.

The peak strength of the RCRCS with different coal
heights under coupled static and dynamic loads is shown
in Figure 5. In terms of general rules, the peak stress of
RCRCS under coupled static and dynamic loads gradually
decreases with the increase of coal height, and higher than
the coal samples, lower than the siltstone samples, which is
consistent with the conclusions obtained by previous
scholars. The relationship between coal height and the peak
stress of RCRCS can be described by the inverse propor-
tional function as shown in Equation (1).

σc = 20:6 + 0:57
hc

, ð1Þ

where σc and hc are peak strength and coal height of RCRCS
under coupled static and dynamic loads, respectively.

According to the peak strength of the RCRCS, the σc ∼ hc
curve is divided into three stages. In stage I (coal height ratio
between 0–only siltstone was tested and 20%), the peak
strength decreases sharply from 77.0MPa to 23.45MPa. In
stage II (coal height ratio between 20% and 50%), the peak
strength experiences a slight decrease from 23.45MPa to
19.54MPa. In stage III (coal height ratio between 50% and
100%), the peak strength decreases from 19.54MPa to
14.59MPa, which can be defined as a proximate stable trend.

Table 2: Physical properties and initial wave velocity of RCRCS.

Coal
height
ratio (%)

Sample
unit

Diameter
(mm)

Length
(mm)

Mass
(g)

Wave
velocity
(m/s)

20

1a1-A1 49.83 100.80 438.6 1828.68

1a1-A2 49.96 101.61 421.7 1896.31

1a1-A3 49.25 100.68 432.8 1912.49

30

1a1-B1 49.51 100.04 398.7 1744.27

1a1-B2 49.80 101.42 426.8 1738.04

1a1-B3 49.68 100.47 413.1 1813.16

40

1a1-C1 49.51 100.70 422.7 1710.57

1a1-C2 49.10 101.50 397.4 1695.36

1a1-C3 50.04 101.37 438.6 1743.45

50

1a1-D1 49.09 101.38 421.7 1566.54

1a1-D2 49.29 100.09 403.2 1468.28

1a1-D3 50.15 100.78 429.3 1347.06
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There, it seems that the critical coal height of 20% and 50%
have a key effect on the peak strength of RCRCS.

The static load is applied to the top of the combined
samples, while the cyclic dynamic load is applied to the bot-
tom. Regardless of static or dynamic load, once the external
load reaches the ultimate bearing strength of the coal sam-
ple, the entire RCRCS will lose stability. It can be found that
the peak strength under coupled static and dynamic loads is
closer to that of the pure coal sample. Therefore, it can be
considered that the bearing capacity of RCRCS is closer to
the coal sample.

3.2. Elastic Modulus of Cyclic Dynamic Load. The research
showed that different loading paths significantly affected
the process of connection and coalescence of microfractures.
Moreover, the evolution trends of microscopic parameters
can be characterized based on various macroscopic parame-
ters, such as elastic modulus and Poisson’s ratio [26]. Elastic

modulus of coal and rocks reflect their ability to resist defor-
mation under the stress condition, which can be determined
under a static load in three different ways [27, 28]. In gen-
eral, the degree of consolidation between material particles
increases with increasing stress. However, the evolution laws
of the elastic modulus of RCRCS under cyclic dynamic load-
ing are still unclear. In this paper, the loading elastic modu-
lus El and unloading elastic modulus Eu in each hysteresis
loop were tested, which also meets the recommendations
of ISRM; these two moduli can show the effect of dynamic
loads on the RCRCS.

The tangential elastic moduli were calculated using
Equation (2) and Equation (3), where σA, σB, and σC are
the start, middle, and end stress of each strain-stress loop
(hysteresis loop), respectively. As shown in Figure 6, εA, εB,
and εC are the start, middle, and end strain of each hysteresis

(a)

(b)

(c)

AE sensors

ab

c

Figure 2: Test device and measuring system. (a) MTS Landmark 370.50; (b) PCI-II AE system; (c) NAG GX-3 high-speed camera.
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loop, respectively. The evolution laws of tangential elastic
moduli with the number of cycles at each dynamic stress
levels were presented in Figure 7.

El =
σB − σA

εB − εA
, ð2Þ

Eu =
σC − σB
εC − εB

: ð3Þ

As shown in Figure 7(a), the coal height ratio is 20%.
The stress in the compaction stage was relatively low, and
the microcracks inside the RCRCS were basically closed.
Therefore, the tangential elastic modulus in the first cyclic
dynamic load level essentially did not change and main-
tained a relatively stable value. The average loading modulus
value is 3.01GPa, while the average unloading modulus
value is 3.02GPa in level I. Both were between coal samples
(2.08GPa) and siltstone (12.20GPa) and closer to that of the
coal samples. It was found a slightly increasing trend of the
El and Eu in the second dynamic load level which was
induced by the compaction effect. As the continuously
strengthened number of loading cycles, the time of occlusion
and reconstruction of microfracture surfaces greatly
declined, which inhibited the connection and coalescence
of the microfracture surfaces. The average loading modulus
value is 3.96GPa, while the average unloading modulus
value is 4.08GPa in the second dynamic load level. In the
third cyclic dynamic load level, the El and Eu both showed
sharply fluctuated. The average loading modulus value is
4.71GPa, and the average unloading modulus value is
4.99GPa. Overall, the elastic modulus in the hysteresis loop
increased with an increase in the cyclic dynamic stress level,
but the value of the increase was decreased.

The failure of 1a1-B2 and 1a1-C2 samples occurred in
the fourth cyclic dynamic load stage; a slight decrease and
fluctuation trends were observed and caused by damage to
the RCRCS owing to cyclic loading, which is representative
of the progressive damage of macroscopic parameters. It is
worth noting that in the 1a1-D2 sample, the coal height ratio
is increased to 50%. A slight decreasing trend of the El and
Eu in level-I and a remarkable decreasing trend near the fail-
ure level can be found. As the proportion of coal height ratio
increases, the pores, cracks, and discontinuities inside the
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combined structure increase, which further leads to a
decrease in the resistance to deformation of the RCRCS.
Therefore, the coal height ratio of 40% may be the limit for
the stable value of loading and unloading modulus under
the dynamic load. For higher coal contribution in the com-
bined samples, it starts cracking under higher loads, and
consequent cycles of dynamic loads and modulus values
decrease.

In addition, Lei et al. [29] maintained that an increase in
the lower stress limit will make the rock harder, while the
lower stress limit close to zero will make the rock softer. In
this paper, it is also clearly observed that the unloading elas-
tic modulus value is obviously lower than the loading mod-

ulus under low-constraint conditions. For the RCRCS which
final failure occurred during the dynamic loading level, the
two modulus values are basically completely close, indicating
that the cyclic dynamic loading caused dense microcrack
damage inside the combined sample and reduced the tan-
gential modulus in the hysteresis loop, reflecting the pro-
gressive damage characteristics of the RCRCS under the
coupled static and dynamic loads.

3.3. The Energy Dissipation. As a quasibrittle material, the
RCRCS always exchange energy with the external system
under coupled static and dynamic loads. In terms of early
warning of rock burst and deeply understanding the fatigue
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characteristics of rock, energy dissipation has great signifi-
cance for damage evaluation. For the RCRCS studied in this
paper, part of the energy comes from the heat dissipated by
conduction, convection, and radiation, and the other part
comes from the energy dissipated by the damage of the
material itself. Since the thermal energy of RCRCS general
remains unchanged under coupled static and dynamic loads,
the energy dissipation trend caused by damage is basically
the same as the total energy dissipation. So, the total dissi-
pated energy can be represented by the energy dissipation
caused by damage. Energy dissipation of a single hysteresis
loop is given by Equation (4), where εi, εi+1, σi, and σi+1
are the stress and strain data corresponding to the i and i
+ 1 hysteretic loop, respectively. The unit of Ui is J/m3

which represents the dissipated energy per unit volume
between two consecutive data points. The cumulative dissi-
pated energy density Ua is given by Equation (5)–Equation
(6), which represents the cumulated dissipated energy from
the first cycle to the nth cycle.

Ui = 〠
n

i=1

εi+1 − εið Þ σi+1 − σið Þ
2 , ð4Þ

Ui =
ðmax

min
Ui =

þ
σdε, ð5Þ

Ua = 〠
n

i=1
Ud: ð6Þ

Figure 8 shows the accumulated dissipated energy den-
sity of the combined samples with different coal heights at
each cyclic dynamic load stage. Obviously, the accumulated
dissipated energy increases linearly with the number of
cycles within the same stress level, while the rate of increase
of the dissipated energy remains unchanged.

The increasing rate of dissipated energy density (slope of
the curve) gradually increases with the stress level. The final
failure of 1a1-A1 and 1a1-D2 samples were both occurred in
the static load stage, while 1a1-B2 and 1a1-C2 were both
unstable in the fourth cyclic dynamic load stage. There is
an obvious abrupt increment of the accumulated dissipated
energy density in the last cycle before the final failure, which
indicates that the macroscopic instability of the RCRCS that
occurs in the cyclic dynamic loading stage is significantly
different from that of the static load stage. In this case, the
failure is still brittle, but the accumulated energy is con-
sumed and released rapidly and violently. This is also the
essential difference between high stress-dominated and
cyclic dynamic load disturbance-dominated rock burst.

The rate of energy dissipation can indicate the mechan-
ical response speed of RCRCS under coupled static and
dynamic loads. In this paper, we define a new energy dissi-
pation rate index as: dUa/dN . Figure 9 plots the quantitative
relation between the accumulated energy dissipation density
rate of the RCRCS with different coal height ratios and cyclic
dynamic stress levels. The relationship between accumulated
energy dissipation density rate and the dynamic stress level
can be well fitted with an exponential function with high

consistency <0.9719~1.00>. Besides, it is clear that with the
increase of dynamic stress level, the growth of accumulated
energy dissipation density rate increases. This demonstrates
that under the higher stress level, the effect of cyclic dynamic
load accelerates the growth and penetration speed of micro-
cracks in RCRCS, and the rate of energy release also
increases. The combined structure is easier to complete the
transformation from a steady state to an unsteady state. In
addition, with the increases of coal height ratio in RCRCS,
the rate of accumulated energy dissipated density increase,
which indicated that as the weaker part of RCRCS, the coal
body mainly participates in the response to static and
dynamic load, and controls the overall stability.

The total amount of energy dissipation refers to the dis-
sipated energy counting from the first cycle to the last cycle
up to failure. Previous studies have shown that the total
amount of energy dissipated is constant for specific material
such as concrete [30]; it is only related to the stress path and
stress level. However, this experiment shows another form of
the energy dissipation of RCRCS. Figure 10 shows that the
total energy dissipation corresponding to different cycles of
dynamic times is quite different, indicating that the total dis-
sipated energy could not be a material constant, but a vari-
able related to the total number of cyclic load cycles.

3.4. Spatial Distribution of AE Events and Failure Mode. The
AE source location has been widely used to detect the origin
and propagation of cracks in various materials, such as con-
crete [31], rock [32], rock-like material [33], coal [34], and
metal [35]. It can realize the continuous visualization of
the spatio-temporal evolution law of material damages in
the whole loading process. As shown in Figure 11(a), AE
event energy (unit: aJ) can be divided into seven grades.

To reflect the internal fracture propagation and damage
development of the RCRCS under coupled static and
dynamic loads, the load process is sequentially decomposed
into the “static + hold load” stage and the “dynamic + hold
load” stage. The failure characteristics of the RCRCS under
instantaneous dynamic failure are analyzed by capturing
the images of the combinations before failure with the
high-speed camera. Limited by the article length, to show
the influence of different coal height ratios on the failure
modes of the combined samples, the biggest (50%) and
smallest (20%) coal height ratios in each group are selected
to perform the analysis.

The first analysis considers the 1a1-A1 sample of group
“A” with a coal height ratio of 20%. Figure 12(a) indicates
that the low-energy AE events are initiated in the middle
of the coal body of the RCRCS during the initial static load
stage, which is mainly due to the closure of primary cracks
and pore. The cyclic dynamic load under low stress levels
has no obvious effect on the microfracture of RCRCS. With
the increase of stress level, the AE events with large energy
evolve from coal sample to the roof siltstone. In the second
“dynamic + hold load” stage, the growth of AE events is
the most obvious, especially the AE events in the roof rock
samples began to gather significantly. In the next “static +
hold” stage, the development of microfractures in the coal
body is almost full, while there are still only a few low-
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energy AE events in the floor rock samples. Until the last
“dynamic + hold” load stage, the distribution of AE events
in the floor rock sample has been extended to the top end,
and the RCRCS structure is close to critical instability. The
AE events in the roof rock sample are distributed in a “cone”
shape, and the position of its generatrix is the contour where
splitting failure occurs, which well corresponds to area A in
1a1-A1 as shown in Figure 12(b). According to the failure
process, the coal sample is the first to spray particles, while
there is no obvious deformation of the roof and floor silt-
stone samples. Subsequently, the coal sample showed a visi-
ble horizontal volume expansion; the side of the roof rock
sample appeared longitudinal splitting failure. A strong
impact tendency occurred accompanied by the coal pulver
and mass ejection violently.

The second analysis considers the 1a1-D2 sample of
group “D” with a coal height ratio of 50%. Figure 13(a) indi-
cates that the AE events are distributed both in the roof, coal,
and floor samples in the initial load stress, especially in the
interface between the coal and rock samples above and
below. The cyclic dynamic load under initial stress levels
caused RCRCS to produce a series of low-energy AE energy,
different from group “A”; the top and bottom siltstone sam-
ples significantly participate in the mechanical response to
static and dynamic loads at this time. Subsequent cyclic
dynamic load causes the microfractures in the coal body to
continue to develop until it reaches a near-destructive state.
This indicates that the damage evolution in the RCRCS is
not homogenous at the beginning; top and bottom rock
parts experience more damage characterized more and
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Figure 8: Accumulated dissipated energy density of RCRCS.
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stronger AE events. Figure 13(b) documents that the left part
of the coal sample burst first out at failure (area B), then the
roof siltstone sample showed complete longitudinal splitting
failure.

In summary, the damage evolution of RCRCS under
coupled static and dynamic loads can be described as fol-
lows: (1) When the coal height ratio is small, the damage
first initiates in the coal sample, then more and more cracks
appear in the roof sample. Finally, the RCRCS was
completely destabilized until the macroscopic cracks devel-
oped to the top of the roof siltstone sample. (2) When the
coal height is large, the damage is distributed both in the
roof, floor siltstone and coal samples. The final failure is
characterized by the burst failure of the coal sample and
the split failure of the siltstone sample, which is consistent
with the composite failure pattern of roof-coal-floor
described above.

3.5. Distribution of Passive Wave Velocity. Passive velocity
tomography is based on the seismic wave velocity of media
equaling the result of dividing the length of ray paths by
the propagation time of seismic waves from the seismic
source to a receiver. In recent years, passive velocity tomog-
raphy has been extensively used to predict the rock burst
hazard in the field [36, 37]. In this part, the wave velocity
field is inverted based on the internal wave velocity obtained
from the AE source events. Same as the chapter of the spatial
distribution of AE events and failure mode, we take 1a1-A1
and 1a1-D2 samples as examples for illustration.

According to the theory of passive velocity tomography,
the P-wave velocity variations are linked to the changes of
stress. Therefore, the high-velocity zones in tomograms are
representing the high-stress zones. In addition, the wave
velocity propagation is also related to the physical and
mechanical properties of rock and structural properties of
the rock mass.

Figure 14(a) indicates that the high-velocity area is
mainly concentrated in the middle of the coal and roof silt-
stone parts in the initial stress level of the 1a1-A1 combined
sample, but its concentration is limited. Subsequent cyclic
dynamic loads lead to a more concentrated area of wave
velocity anomaly, and the degree of concentration is getting
higher. Due to the abundant cracks generated inside the
RCRCS near the final failure, the strength of the combined
structure is reduced and entered a yielding state; the range
of high-velocity area is reduced.

Figure 14(b) indicates that the high-velocity area is
mainly concentrated in the coal parts of the 1a1-D2 com-
bined sample, while the low-velocity area is scattered around
the RCRCS. Due to the high coal body height, it has become
the main area that mainly participates in the destruction,
and it is also the concentrated area of the high wave velocity
abnormal area. The elastic core region is the energy storage
region of the RCRCS, which provides the driving force of
impact failure in the final failure. The wave velocity distribu-
tion is well consistent with the spatial distribution of AE
events and failure mode.

4. Discussion

The theoretical model as shown in Figure 15 is established
on the basis of the above laboratory experiment results, to
deepen the understanding of the impact mechanism of
coal-rock mass under coupled static and dynamic loads.

Thanks to the study, it is possible to show the mecha-
nism of rock burst under coupled static and dynamic
stresses. Figure 15 plots the energy transfer in the roof-
coal-floor systems during the coal burst process under
coupled static and dynamic loading. The stress behavior of
the surrounding rock is displayed on the left-hand side; the
stiffness and strength are both higher than coal. The stress
behavior of coal is displayed on the right-hand side, and coal
is assumed to be a softening material with nonlinear behav-
ior. In the roof-coal-floor combined system, if the strain Δε2
is produced in the coal sample under the static load, the cor-
responding strain will be produced synchronously in the
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surrounding rock (roof and floor) Δε1; the relationship
between Δε1 and Δε2 can be expressed as

Δε1 =
k2
k1

Δε2, ð7Þ

where k1 is the stiffness of surrounding rock and k2 is the
stiffness of coal. Therefore, the total strain of the roof-coal-
floor system can be written as

Δε = Δε1 + Δε2 =
k1 + k2
k1

Δε2: ð8Þ

Therefore, the ratio of coal strain to total strain can be
written as

Δε2
Δε

= 1
1 + k2/k1ð Þ : ð9Þ

From Equation (9), if we just consider static load, the
process from stability to the instability of coal can be divided
into four stages:

(1) Stage AB: both k1 and k2 are larger than zero; the
coal and surrounding rock are both in the elastic
energy storage stage

(2) Stage BD: the coal first enters the inelastic deforma-
tion stage. k1 is still larger than zero, while k2 gradu-
ally decreased to zero at the peak point D. At this
time, the coal begins to transform the elastic energy
stored into plastic deformation, and the surrounding
rock is still in the elastic energy storage stage

(3) Stage DS: the carrying capacity of the coal body
gradually loses, and k2 turns into a negative value.
During this process, the roof-coal-floor combined
system may undergo an unstable process, when k1
+ k2 = 0, Δε2/Δε⟶∞. The strain of the roof-

coal-floor system expands rapidly in an instant, and
the energy accumulated in the coal sample and sur-
rounding rock is released together, which will trigger
the overall failure, corresponding to the occurrence
of rock burst

(4) Stage SE: the instability of the coal body slows down
gradually; the roof-coal-floor system reaches the next
stable energetic state, which corresponds to the calm
period after the occurrence of the rock burst

When the roof-coal-floor system is subjected to the
superposition of external static and dynamic loading stress
(σs and σd), which can be equivalent to a condition that
the stiffness of the surrounding rock decreases from k1 to
k1

’. In this context, there are two different situations: (1) dis-
turbance dynamic stress: when the cyclic dynamic load is
applied under a low-stress level, it is easier to cause the
expansion of microcracks inside the RCRCS, accompanied
by small fluctuations in the stress value and a series of AE
events, but it will not induce impact instability. (2) Impact-
derived dynamic stress: when the cyclic dynamic load is
applied near the instability, the stress is more likely to evolve
along a path in the 1-2-4 direction, rather than the 1-3-D-4.
The additional input energy will be larger, and the coal fail-
ure process will be more violent. Therefore, the equivalent
energy decrease of the stiffness of the surrounding rock will
be more remarkable.

5. Conclusions

The mechanical properties and damage behavior mecha-
nisms of RCRCS under coupled static and dynamic loads
were investigated in terms of strain-stress curve, loading
and unloading modulus, AE events distribution and failure
modes, and wave velocity field. Compared with the failure
laws of single coal or rock materials, the prediction of the
failure of rock-coal-rock is more complex and difficult. After
the investigations, the results can be concluded as follows:
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Figure 11: Layout of AE monitoring system and categorization of AE events.

10 Geofluids



First “static+hold” First “dynamic+hold” Second “static+hold” Second “dynamic+hold”

Third “static+hold stage” Third “dynamic+hold” Final failure

(a)

Figure 12: Continued.
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(1) The peak strength of the RCRCS under coupled
static and dynamic loads is strongly affected by the
coal height. The coal height versus the peak strength

curve is divided into three stages, namely, intensive
decline stage (0~20%), moderate decrease stage
(20~50%), and stable stage (50~100%)

0.07 s before failure 0.06 s before failure 0.05 s before failure

0.04 s before failure 0.03 s before failure 0.02 s before failure

0.01 s before failure Final failure

(b)

Figure 12: (a) Spatial distribution of AE events for each stress level of the 1a1-A1 specimen. (b) Failure process of 1a1-A1 specimen
captured by high-speed camera.
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Second “dynamic+hold” Third “static+hold” Final failure

(a)

Figure 13: Continued.
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(2) The loading and unloading modulus remain basi-
cally consistent for the same levels of dynamic load,
while there is a slight decrease at high-stress levels.
The coal height ratio of 40% may be the limit for

the stable value of modulus values. For higher coal
contribution in the combined samples, it starts
cracking under higher loads, and consequent cycles
of dynamic loads and modulus values decrease.

0.07 s before failure 0.06 s before failure 0.05 s before failure

0.04 s before failure 0.03 s before failure 0.02 s before failure

0.01 s before failure Final failure

(b)

Figure 13: (a) Spatial distribution of AE events for each stress level of the 1a1-D2 specimen. (b) Failure process of 1a1-D2 specimen
captured by high-speed camera.
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Moreover, the loading and unloading modulus
increase with the stress level

(3) When the coal height ratio is 20%, the damage first
initiates in the coal sample, then more and more
cracks appear in the roof sample. Otherwise, it will
be manifested as the combined damage of the ejec-
tion damage of the coal body and the splitting of
the roof and floor rocks. The results are consistent
with the distribution of passive wave velocity

(4) The physical model of RCRCS tested under coupled
static and dynamic stresses explains very well the
mechanism of rock burst, which takes place in
underground mining

First “static+hold” First “dynamic+hold” Second “static+hold”

Second “dynamic+hold” Third “static+hold”

Z Z Z

R

RR

R R

RR
X X

YY

C C

B

R

R

C

XXX

YYY

Z Z

CC

3 2.8 2.6 2.4 2.2

Wave velocity/km·s–1

2 1.8 1.6 1.4 1.2 1

(b) 1a1-D2

Figure 14: Acoustic wave velocity distribution.
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