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Abstract: The energy supply effect caused by the stiffness difference between roofs and sidewalls
is an important factor that induces strain coal bursts. In order to quantitatively reveal the energy
supply mechanism of strain coal bursts, this paper first establishes a coal burst energy model of the
rock–coal system and proposes the calculation formula of coal burst kinetic energy considering supply
energy and the stiffness ratio of rock to coal. Then the whole energy evolution law of the rock–coal
system with different stiffness ratios is researched by using the numerical simulation method, and the
whole process is divided into three stages. With the decrease in the stiffness ratio, the elastic strain
energy of the coal changes little, while its kinetic energy is negatively correlated with the stiffness
ratio in a power function. Meanwhile, the elastic strain energy and kinetic energy of the rock have
power function relations with the stiffness ratio, too. When the rock–coal system is fractured, the
kinetic energy of the coal comes from the release of elastic strain energy from the coal and the energy
supplied from the rock. The energy supply rate is between 22% and 35% when the stiffness ratio
changes from 3.0 to 0.5, and they show a linear relationship, while the supplied energy has a negative
power function relationship with the stiffness ratio.

Keywords: coal burst; rock–coal system; stiffness; energy evolution; energy supply

1. Introduction

A coal burst is a typical dynamic disaster in underground coal mining. Its frequency
and intensity increase with the mining depth, which seriously threatens the safety and
production of underground workers [1–3]. In the next five years or even ten years, the
prevention and control of coal bursts will be the focus of much research and poses an urgent
problem to be solved in mining engineering.

According to the mechanism of coal bursts, scholars have put forward more than ten
theories and described several types of coal bursts from different angles [4–6]. Among
them, a typical type is a strain coal burst caused by high static stress. A strain coal burst
is a sudden event induced by energy accumulation and release, as well as the loss in the
dynamic balance of the combined coal and rock mass composed of a roof, sidewall, and
floor [7,8]. For a strain coal burst, when the elastic strain energy stored in the coal is greater
than the failure dissipation energy, the residual energy will be released in the form of a
coal burst [9,10]. However, dynamic damage is unlikely to occur only through the elastic
strain energy stored by the coal itself; the surrounding rock mass is required to supply its
energy to the coal. According to the stiffness theory [11,12], some experts point out that
when the stiffness of the surrounding rock is less than that of the coal, the surrounding
rock will supply energy to the damaged coal, thus causing a coal burst [13,14]. Li et al. [15]
proposed two concept models to illustrate the energy conversions in a rockburst event, and
studied the role of the elastic strain energy released from the surrounding rock mass in
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rock ejection. Cai et al. [16–18] developed one brittle hard rock testing system with a super
high and variable loading stiffness, and studied the influence of loading stiffness on the
post-peak stress–strain curves and failure modes of rocks. Zhao et al. [19] developed a rock
testing system with changeable stiffness, and researched the mechanical behaviors of rock
specimens and testing machines under different loading stiffnesses. The above research
reveals the influence mechanism of stiffness on the dynamic failure of the coal (or rock)
from the stress–strain curve and the failure characteristics.

A coal burst is a dynamic failure phenomenon driven by energy. Therefore, it is
better to reveal the essential characteristics of coal bursts by studying the energy evolution
law [20–23]. In the research on the stiffness theory of coal bursts, limited by the test methods,
the research on the energy parameters in the current stage is less and generally only involves
the analysis of the storage and release of elastic strain energy in the two states of the peak
strength point and post-failure [19]. The energy evolution law of the whole process of coal
bursts and the energy supply of surrounding rock to the coal are difficult to determine
quantitatively, which creates certain limitations for coal burst mechanism research.

In order to quantitatively reveal the stiffness effect on coal burst from the perspective
of energy, a rock–coal system model is established by means of numerical simulation,
and the energy evolution law and energy supply characteristics of rock and coal under
different stiffness combinations are studied. The quantitative relationship between energy
parameters and stiffness is obtained.

2. Theoretical Analysis
2.1. Stiffness Theory

The load–deformation curve during the loading process of the testing machine spec-
imen system is shown in Figure 1. When the specimen is damaged after the peak point,
the load of the testing machine and the load of the specimen decrease synchronously, the
specimen continues to compress, and the deformation of the testing machine recovers.
When the stiffness km1 of the testing machine is greater than the slope ks of the post-peak
curve of the specimen, the released elastic strain energy of the testing machine is less than
the dissipation energy that causes the fracture of the specimen. In order to fracture the
specimen, the testing machine needs to continue to input energy to the specimen. At this
moment, the loading process is controllable, and the specimen is statically damaged [24].
When the stiffness km2 of the testing machine is less than the slope ks of the post-peak curve
of the specimen, the released elastic strain energy of the testing machine is greater than
the dissipation energy that causes the fracture of the specimen, and the residual energy
will be converted into kinetic energy of the specimen, thus causing the dynamic failure of
the specimen.
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2.2. Coal Burst Model of Rock–Coal System

According to the stiffness theory, the sidewall coal of the roadway is the main burst
body in the process of coal burst, and the low-stiffness roof supplies energy to the coal.
According to the load and deformation relationship between the roof rock and sidewall
coal [25,26], it can be simplified as a series-connected rock–coal system model, as shown
in Figure 2. The roof stiffness is kr and the sidewall stiffness is kc, then the relationship
between the sidewall deformation xc and the roof deformation xr is:

xr =
kc

kr
xc (1)
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Figure 2. Rock–coal system and their loading–deformation relation.

When the overburdened strata load onto the surrounding rock of the roadway, part
of the external input energy is stored in the roof rock, and the other part is stored in
the sidewall coal. The elastic strain energy Wcs and Wrs of the sidewall and roof are,
respectively:

Wcs =
1
2

kcx2
c (2)

Wrs =
1
2

krx2
r =

1
2

k2
c

kr
x2

c (3)

The total elastic strain energy Wts of the rock–coal system is:

Wts =
1
2

(
kc +

k2
c

kr

)
x2

c (4)

The extreme value of elastic strain energy is certain for the same sidewall coal. The
smaller the stiffness kr of the roof, the greater the extreme value of the elastic strain energy
Wts in the rock–coal system. When the rock–coal system transforms from the equilibrium
state to the unstable equilibrium state, more elastic strain energy Wts will be released and
the coal burst risk will increase.

When the coal reaches the ultimate strength, it will be fractured under the external
load, and its stored elastic strain energy Wcs will be released. When the sidewall coal is
considered separately, part of the elastic strain energy Wcs is released in the form of fracture
dissipation energy Wcd, and the residual energy is converted into kinetic energy Wck [9],
which is calculated as:

Wck = Wcs − Wcd (5)

For the coal, the greater the elastic strain energy Wcs, the smaller the post-peak fracture
dissipation energy Wcd, and more energy will be released in the form of kinetic energy Wck,
showing a strong coal burst tendency.

For the rock–coal system, when the coal is fractured, the elastic strain energy Wrs of
the roof rock will also be released and a certain amount of energy will be supplied to the
coal. Since the strength of rock is generally greater than that of coal, it is assumed that



Sustainability 2023, 15, 1335 4 of 13

plastic deformation does not occur on the rock. Part of the elastic strain energy Wrs released
by the rock is released in the form of kinetic energy Wrk, and the residual energy is the
supply energy Wr-c to the coal. The ratio of the supply energy Wr-c to the elastic strain
energy Wrs of rock is defined as the energy supply rate α, so the kinetic energy Wck of coal
in the rock–coal system is:

Wck = Wcs − Wcd + αWrs =

(
1 + α

kc

kr

)
Wcs − Wcd (6)

α = Wr-c/Wrs (7)

For the rock–coal system, when the stiffness kr of the roof decreases, the elastic strain
energy Wrs stored in the rock increases, and more energy in the rock can be supplied to the
coal, which causes greater risk of coal burst.

3. Numerical Simulation

The above theoretical analysis qualitatively reveals the energy supply behavior of
the low-stiffness roof to the failure of the sidewall coal, and the energy and stiffness
influence mechanism of coal burst. In the following, the numerical simulation method is
used to quantitatively study the energy evolution law of rock–coal system under different
stiffness combinations.

3.1. Simulation Scheme

The instability and failure of rock–coal system were simulated by Abaqus software.
The numerical model of rock–coal system is shown in Figure 3. The lower part of the
model is the sidewall coal, which is a rectangular standard specimen with a size of
50 mm × 50 mm × 100 mm. Drucker–Prager failure criterion and shear damage model
were selected to simulate the damage and failure process of the coal [27]. The parameters
were determined by comparing the stress–strain curve of the coal model with the laboratory
test by using trial-and-error method [28]. The specific parameters are listed in Table 1. The
stiffness of the coal specimen is 42.5 MN/m.

Table 1. Parameters of the coal.

Density/kg·m−3 Elastic
Modulus/GPa Poisson’s Ratio Angle of

Friction/◦ Flow Stress Ratio Dilation Angle/◦

1263 1.7 0.21 60 0.778 60

Yield Stress/MPa Abs Plastic Strain Fracture Strain Shear Stress Ratio Strain Ratio Displacement at
Failure/mm

20 0.02 0.015 0.33 0.0001 0.001

The roof rock is above the coal, which is a rectangular specimen with a size of
70 mm × 70 mm × 100 mm. In a roadway coal burst, coal sidewall is the main burst
body, and the roof rock is the main loading body [29,30]. The strength of rock is greater
than that of the coal, and the rock remains in the pre-peak stage when the coal is fractured.
Therefore, in the simulation process, the failure of rock was not considered, and the elastic
property was applied to the rock with a density of 2000 kg/m3 and a Poisson’s ratio of
0.25 [31]. This paper focuses on the energy evolution law of rock–coal system under differ-
ent stiffness ratios kr/kc of rock to coal, and performs loading tests for different stiffness
ratios by changing the elastic modulus of rock. The stiffness ratios kr/kc of rock to coal
designed in the simulation are 0.5, 1.0, 2.0, and 3.0.
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Between the rock and coal, the tangential behavior and normal behavior of the contact
surface are defined in the simulation. In order to eliminate the influence of end-face friction
on the test results [32], the friction coefficient in the tangential direction is set at zero. In the
normal direction, it is set as the “Hard” contact to ensure that there is no model penetration
when the rock model and the coal model are in contact with each other.

C3D8R eight-node linear hexahedral element was selected as the finite element mesh
type of the model, and Abaqus dynamic display solver was used for calculation. Vertical
downward axial displacement was applied to the top of the model for loading, and the
rigid plate under the model is fixed. The total axial deformation u of the rock–coal system
was recorded.

3.2. Energy Monitoring

The energy involved in the whole process of rock–coal system failure includes: elastic
strain energy Wcs; dissipation energy Wcd and kinetic energy Wck of coal; and elastic
strain energy Wrs and kinetic energy Wrk of rock. According to theoretical analysis, the
increase in strain energy Wcs of coal and elastic strain energy Wrs of rock aggravates the
dynamic damage degree of the coal [33], while the increase in dissipation energy Wcd of
coal weakens its dynamic damage degree. The magnitude of kinetic energy Wck of coal is
directly related to its dynamic damage degree. Elastic strain energy Wcs of coal and elastic
strain energy Wrs of rock are superposed and transformed into dissipation energy Wcd and
kinetic energy Wck of coal and kinetic energy Wrk of rock. Therefore, the simulation mainly
monitors the energy parameters, such as elastic strain energy Wcs, dissipation energy Wcd
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and kinetic energy Wck of coal, and elastic strain energy Wrs and kinetic energy Wrk of rock.
The supply energy Wr-c of rock to coal can be calculated by the following formula:

Wr-c = Wcd + Wck − Wcs (8)

In Abaqus, various energy output quantities are provided, such as recoverable strain
energy (ALLSE), as well as energy dissipated by rate-independent and rate-dependent
plastic deformation (ALLPD) and kinetic energy (ALLKE). In these energy output quantities,
ALLSE is the elastic strain of coal or rock, ALLPD is the dissipation energy of coal, and
ALLKE is the kinetic energy of coal or rock.

4. Results and Analysis
4.1. Failure Mode

The failure modes of the coal specimens under different stiffness ratios kr/kc are
shown in Figure 4. When the stiffness ratio kr/kc is 0.5, the fragments falling from the
specimen are ejected quickly and show obvious burst characteristics. When the stiffness
ratio kr/kc increases to 1.0, the ejecting velocity of the fragments obviously decreases. When
the stiffness ratio kr/kc is 3.0 or 2.0, cracks on the post-peak coal specimen are generated
slowly, the progressive stripping of the fragments occurs locally in the model, and the
failure process is stable. The failure mode and variation law of coal under different loading
stiffnesses are similar to those of laboratory testing results [30].
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4.2. Strain Energy of Coal and Rock

The evolution curves of the elastic strain energy of coal under different stiffness ratios
kr/kc are shown in Figure 5a. Under different stiffness ratios kr/kc, the extreme value of the
elastic strain energy Wcs of coal is between 34.2 J and 34.6 J, with little change. When the
rock stiffness kr changes, the extreme value of the elastic strain energy Wcs of coal will not
change, and the rock stiffness kr has little effect on the energy storage property of the coal
itself. When the elastic strain energy Wcs of the coal reaches the extreme value of energy
storage, the elastic strain energy curve tends to flatten. At this time, the plastic deformation
of the coal occurs and the elastic strain energy Wcs does not increase. Under the constant
displacement loading speed, when the stiffness ratio kr/kc decreases, the duration of the
flattened section of the elastic strain energy Wcs is shortened. For example, when the
stiffness ratio kr/kc is 3, the flattened section of the elastic strain energy Wcs needs to be
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continuously loaded by 0.5 mm, and when the stiffness ratio kr/kc is 0.5, it is reduced to
0.1 mm.
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The elastic strain energy evolution curves of rock are shown in Figure 5b. Combined
with the analysis of the elastic strain energy evolution law of coal, when the coal is fractured
and its internal elastic strain energy Wcs is released, the elastic strain energy Wrs of the
rock is also released; that is, the deformation rebound phenomenon of the rock occurs [19].
There is an obvious difference between the elastic strain energy Wrs of rocks under different
stiffness ratios kr/kc. When the stiffness ratio kr/kc is 0.5, the extreme value of the rock
elastic strain energy Wrs is about 80 J. When the stiffness ratio kr/kc increases to 3.0, the
extreme value of the rock elastic strain energy Wrs decreases to 13 J. There are also obvious
changes in the release rate of rock elastic strain energy. When the stiffness ratio kr/kc is 3.0,
the release rate of rock elastic strain energy is 11.7 J/s, and when the stiffness ratio kr/kc is
0.5, it increases to 21.5 J/s. Compared with rock with high stiffness, rock with low stiffness
can accumulate more elastic strain energy, and its energy release rate is faster. According to
the stiffness theory, in a rock–coal system, low-stiffness rock will generate a stronger energy
supply. The higher elastic strain energy and faster energy release rate of low-stiffness rock
are the manifestations of this energy supply.

4.3. Dissipation Energy of Coal

The evolution curves of dissipation energy of coal are shown in Figure 6. Compared
with the evolution of coal elastic strain energy in Figure 5a, the dissipation energy Wcd starts
to increase before the coal elastic strain energy Wcs reaches the extreme value, indicating that
there are micro-cracks generating in the coal before its failure, and some energy is dissipated.
When the elastic strain energy Wcs of the coal is fully released and is reduced to 0, the
dissipation energy Wcd reaches the maximum value, and the coal is completely fractured.
With the decrease in the stiffness ratio kr/kc, the increasing rate of the dissipation energy
Wcd of the coal changes little, but the total dissipation energy Wcd decreases gradually.
When the stiffness ratio kr/kc is 3.0, the dissipation energy Wcd of coal is 73.8 J, and when
the stiffness ratio kr/kc is 0.5, the dissipation energy Wcd is reduced to 43.3 J. When the roof
stiffness kr decreases, the dissipation energy Wcd of coal decreases, which indicates that the
rapid rebound of the roof rock leads to a decrease in the coal’s plasticity and an increase
in brittleness.
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4.4. Kinetic Energy of Coal and Rock

The kinetic energy evolution curves of coal and rock are shown in Figure 7. The
laboratory tests show that [19,30] the deformation rebound phenomenon obviously occurs
when the specimen is fractured, and the rebound speed is negatively correlated with the
stiffness of the testing machine; that is, the smaller the stiffness of the testing machine, the
faster the deformation rebound speed of the testing machine. For a rock–coal system, the
rock is equivalent to a testing machine, and the coal is equivalent to a specimen. When the
coal is fractured, the elastic strain energy Wrs of the rock is released, and its deformation
rebounds. Part of the elastic strain energy Wrs is converted into its kinetic energy Wrk, and
the other part of the elastic strain energy Wrs is supplied to the coal specimen and converted
into the kinetic energy Wck of the coal. With the decrease in the rock stiffness kr, the elastic
strain energy Wrs released by the rock increases when it rebounds, and its kinetic energy
Wrk increases. The kinetic energy Wck of the coal increases too. When the stiffness ratio
kr/kc is 3.0, the kinetic energy Wrk of the rock is about 11.11 J, and the kinetic energy Wck of
the coal is 24.52 J. When the stiffness ratio kr/kc is 0.5, the kinetic energy Wrk of the rock is
47.69 J and the kinetic energy Wck of the coal is 30.90 J. There is an obvious difference in the
energy supply of the rock to coal under the loading of the two kinds of rock stiffnesses. The
increase in the kinetic energy Wrk of the rock indicates that the rebound speed of the rock
is accelerated when the coal is fractured, the loading speed of the deformation rebound
of the rock to the coal is faster, and the energy supply is stronger. After the rock stiffness
kr decreases, the dissipation energy Wcd of the coal decreases and the kinetic energy Wck
increases, indicating that the energy dissipated by the coal decreases under the condition
of low-stiffness loading, and more energy is converted into its own kinetic energy Wck.
The kinetic energy Wck is a manifestation of the ejecting velocity of coal fragments. The
greater kinetic energy Wck of the coal, the faster the ejecting speed of the fragments. The
coal shows stronger burst failure characteristics.
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4.5. Energy Evolution Law of Rock–Coal System

When the stiffness ratio kr/kc is 0.5, the energy evolution curves of the coal and rock
are shown in Figure 8. The energy evolution process can be divided into three stages. In the
stage I, the coal and rock bear the load together, and their strain energy gradually increases,
converting the external input energy into internal elastic strain energy. The dissipation
energy Wcd of the coal is zero. In the stage II, before the internal elastic strain energy Wcs
of the coal reaches its storage limit, the coal will undergo plastic deformation, and part of
the external input energy will be dissipated in the form of plastic deformation energy. At
this time, the internal elastic strain energy of the coal and rock will continue to increase.
In the stage III, the internal elastic strain energy Wcs of the coal reaches its energy storage
limit and begins to decrease (i.e., energy release). The internal elastic strain energy of the
coal and the rock is released synchronously. Part of the elastic strain energy Wrs of the
rock is converted into its own kinetic energy Wrk, and the other part is supplied to the
coal. The elastic strain energy Wcs of the coal is released in the form of kinetic energy Wck
and dissipation energy Wcd until the elastic strain energy Wcs drops to zero and the coal is
completely fractured.
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The relationship between the energy and stiffness ratio is shown in Figure 9. It should
be noted that, in order to visually show the changing law of energy parameters of the rock–
coal system when the stiffness ratio kr/kc is decreased, the stiffness ratio kr/kc decreases
along the x-axis.
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The change in the rock stiffness kr mainly affects the dissipation energy Wcd and
kinetic energy Wck of the coal as well as the elastic strain energy Wrs and kinetic energy Wrk
of the rock, and has little effect on the elastic strain energy Wcs of the coal. With the decrease
in the stiffness ratio kr/kc, the dissipation energy Wcd of the coal decreases gradually, while
the kinetic energy Wck of the coal, the elastic strain energy Wrs, and the kinetic energy Wrk
of the rock increase gradually, all of which have power function relationships with the
stiffness ratio kr/kc. Compared with other energy, the kinetic energy Wck of coal is more
sensitive to the change in the stiffness ratio kr/kc. When the stiffness ratio kr/kc is greater
than one, the kinetic energy Wck of the coal changes slowly, and the influence of the stiffness
change on the failure form of the coal is weak. When the stiffness ratio kr/kc is less than
one, the kinetic energy Wck of the coal increases sharply with the decrease in the stiffness
ratio kr/kc. When the rock stiffness kr is less than the coal stiffness kc, the rock deformation
rebound speed is faster and more energy is released, resulting in the accelerated failure
speed of the coal after the peak point. The micro-cracks in the coal rapidly expand into the
fracture zone in a very short time. The energy dissipated by the coal is reduced, and its
kinetic energy Wck is increased.

With the decrease in the stiffness ratio kr/kc, the difference between the elastic strain
energy Wrs and kinetic energy Wrk of the rock increases, and more energy is supplied to
the coal. The changing curves of the supplied energy Wr-c and energy supply rate α are
shown in Figure 10. The supplied energy Wr-c and energy supply rate α increase with the
decrease in the stiffness ratio kr/kc. The supplied energy Wr-c and the stiffness ratio kr/kc
have a power function relationship, and the energy supply rate α and the stiffness ratio
kr/kc have a linear relationship. The lower the rock stiffness kr, the more energy supply to
the coal [19,30].
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5. Discussion

In the previous research on the energy mechanism of coal bursts, the strain energy
release of coal is the main energy resource. The effect of the surrounding rocks on the coal
is mainly reflected in the kinetic energy of the fractured overburdened rock. The commonly
used energy criterion is [4]:

Wcs + Wk > Wcd (9)

where Wk is the kinetic energy of the fractured overburdened rock.
Based on the stiffness theory and the simulation research above, the roof’s energy

supply plays an important role in coal bursts. When the stiffness ratio kr/kc is 3.0, 2.0, 1.0,
and 0.5, the roof’s energy supply Wr-c is 1.822 J, 3.871 J, 8.459 J, and 20.293 J. The ratios of
the supplied energy Wr-c to the coal elastic strain Wcs are 5.30%, 11.25%, 24.59%, and 58.9%,
respectively. When the stiffness ratio kr/kc is less than the critical value, the roof’s energy
supply is the key energy source affecting the coal failure mode. Therefore, in the coal burst
mechanism, the roof stiffness and energy supply should be considered. Based on Equation
(6) and Figure 10b, the coal burst energy criterion can be modified as:

kr/kc ≤ λ, (1 + a·kc/kr)Wcs + Wk > Wcd (10)

kc/kr > λ, Wcs + Wk > Wcd (11)

The above criterion comprehensively takes into account the stiffness theory and energy
theory, and is suitable for coal burst risk assessments of roadways.

6. Conclusions

According to the stiffness theory, one coal burst energy model of a rock–coal system
is established, and the numerical simulation method is used to quantitatively reveal the
energy supply mechanism of the roof to the sidewall under different stiffness ratios. The
main conclusions are as follows:

(1) The stiffness ratio of rock to coal has little effect on the extreme value of the elastic
strain energy of the coal, and mainly affects its dissipation energy and kinetic energy.
With the decrease in the stiffness ratio, the dissipation energy of the coal after the
peak point decreases in a power function, the plasticity decreases, and the brittleness
increases. The kinetic energy of coal is negatively correlated with the stiffness ratio
in a power function. When the stiffness ratio is less than one, the sensitivity of the
kinetic energy of coal to the change in the stiffness ratio increases sharply.

(2) When the coal is fractured, the low-stiffness roof instantaneously generates deforma-
tion rebound and kinetic energy, which applies the dynamic load and energy supply
behavior to the coal. With the decrease in the stiffness ratio, the release amount
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and release rate of the rock elastic strain energy gradually increase. The rock elastic
strain energy and kinetic energy have power function relations with the stiffness ratio,
respectively.

(3) When a rock–coal system burst failure occurs, the kinetic energy of the coal comes
from the release of the elastic strain energy of the coal and the energy supply from the
rock. The supplied energy and energy supply rate of the rock to the coal increase with
the decrease in the stiffness ratio. The supplied energy and the stiffness ratio have
a power function relationship. The energy supply rate and the stiffness ratio have a
linear relationship.
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