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Abstract: Coal is the mainstay of China’s energy supply. With the gradual progress in China’s
policy of phasing out backward coal production capacity, the intensive and deep mining of coal has
gradually become the new norm. The current mining depth is increasing at a rate of 10~15 m/year.
The high crust stress, high gas pressure, high ground temperature, and engineering disturbance stress
in deep coal mines can lead to the occurrence of coal-rock-gas dynamic disasters that are complex and
show the characteristics of compound dynamic disasters. It is important to understand the evolution
and mechanism of deep coal and rock dynamic disasters accurately for the safe development of deep
resources. To study the mechanism of occurrence and the evolution of impact—protrusion compound
dynamic disasters, we herein analyzed the apparent characteristics of coal-rock-gas compound
dynamic disasters in deep mines and obtained the mechanical and acoustic emission characteristics
of coal-rock composites through indoor experiments. Then, we conducted in-depth analysis on the
non-uniform deformation behaviors and non-uniform stress field of the coal-rock composite and
clarified the generation mechanism of local tensile cracks at the coal-rock interface. Subsequently,
we established the energy transfer model of the rock-rock—gas composite specimen in the process
of dynamic destabilization in the engineering scale mining field and revealed the mechanism of
nonlinear energy evolution and release of the coal-rock—gas composite, which has been less reported
in previous studies. In this paper, we further clarified the occurrence and development mechanism of
coal-rock—gas compound dynamic disasters in the engineering scale mining environment to guide
the prevention and control of coal-rock-gas dynamic disasters in deep mines.

Keywords: deep mines; gas; composite dynamic disaster; energy transfer; mining environment

1. Introduction

For a long time, coal—as the mainstay of energy consumption in China—has played
an important role in its social and economic development and will consequently remain
irreplaceable for a considerable period of time in the future. However, with the gradual
depletion of shallow resources, the mining depth of coal has gradually increased into the
Earth’s crust and the consequent mining environment presents the characteristics of high
crust stress, high gas pressure, and high temperature [1,2]. Deeper mining is accompanied
by the obvious appearance of tectonic stress and mining stress [3]. The mechanical and
seepage characteristics of coal rocks also show more complex characteristics than those
of shallow parts. In addition, with the deterioration of the mining environment, most of
the mines show the characteristics of high stress, high gas, and low permeability and deep
shaft disasters such as large deformation of the roadways, topping, coal and gas protrusion,
coal burst, and compound dynamic disasters that occur frequently. This seriously restricts
the safe and efficient mining of deep coal seams [4]. Therefore, a correct understanding of
the mechanical properties of deep coal rocks and the understanding of coal-rock disaster

Processes 2022, 10, 2634. https:/ /doi.org/10.3390/pr10122634

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr10122634
https://doi.org/10.3390/pr10122634
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-5521-9283
https://orcid.org/0000-0002-3482-5049
https://orcid.org/0000-0003-4179-2553
https://doi.org/10.3390/pr10122634
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr10122634?type=check_update&version=1

Processes 2022, 10, 2634

20f13

mechanisms are essential for the stability design of the surrounding rock and for the
prevention and management of disasters.

Owing to geological structures and stratigraphic movements, rock formations do not
exist as a single lithology; laminated rock formations are the most common geological
form. The destruction of such composite formations can have a considerable impact on
underground engineering activities (mining, excavation, tunneling, geothermal energy
extraction, deep burial of nuclear waste, among others) [5]. As a result, many scholars
have studied the mechanical behavior of composite coal-rock mass. Particularly in deep
thin coal seam mining, studying the mechanical properties of composite coal-rock strata is
crucial and the fracture and rupture of the hard roof is very easy to induce the coal-rock
dynamic disaster. The composite coal-rock mass is a strong anisotropic material that
contains many weak structural surfaces that differ from the properties of the rock matrix.
Therefore, studying the mechanical properties and energy release transfer laws of layered
composite coal-rock is crucial for revealing the dynamic disaster mechanism of coal and
rock in deep mining engineering.

In recent decades, the mechanical properties of layered composite coal rocks have been
theoretically and experimentally studied under various stress conditions and there has been
considerable progress in this domain. Previous studies have shown that the elastic modulus,
Poisson’s ratio, deformation behaviors, strength, failure mode, and permeability evolution
of layered composite coal-rock are quite different from those of pure rocks, regardless of
the stress conditions [5-8]. Dou et al. demonstrated that the elastic modulus and strength
of layered composite coal rocks increase with the increase in the height ratio of the rock
mass to the coal sample [9]. Tan et al. showed that the rock layer type greatly affects the
impact propensity of rock burst. Specifically, the impact tendency of composite coal-rock is
proportional to the elastic modulus and strength of the rock [10]. In addition, an applicable
method to prevent the collapse of high-velocity impact roofs based on the flexible/hard
structure analysis of the composite coal-rock model was proposed [11,12]. The composite
rock mass structure is also formed by the backfill after mining. The interaction mechanism
between the backfill and the surrounding rock is extremely complex and the failure form
shows the characteristics of tensile shear mixing [6]. With the increase in surrounding
pressure, the damage mechanism of coal seams in laminated composite coal rocks changes
from mixed crack damage to parallel crack damage and finally to single shear crack damage
or overall mixed section damage [13,14].

The pre-peak and post-peak deformation and strength behaviors of composite rock
mass are closely related to the mechanical properties of the weak rock layer and often play a
decisive role; however, the dominant role of this weak structure will gradually decrease with
the increase of confining pressure to a certain extent [5,15]. Of course, the control effect of
this weak structure and confining pressure is also related to the stress orientation. Through
the generalized Poisson’s ratio of materials at different locations, the interface confinement
effect of composite coal-rock mass was verified. In addition, based on the worst mode,
acoustic emission characteristics, the progressive failure mechanism of soft rock—coal
combined samples was revealed [15-17]. In addition, the relative change of the contact
surface of the coal-rock and the loading orientation of the principal stress will also affect its
mechanical behavior. For example, the strength of composite coal-rock tends to be higher
in stress perpendicular to the contact surface than parallel to the interface; the rupture is
often in the weak coal seam when the stress is parallel to the interface and the opposite may
be the overall failure through different rock layers [5,6,18-21]. Furthermore, several studies
have investigated the damage, deformation, strength, damage mode, energy evolution,
charge induction, acoustic emission, and other characteristics of composite coal-rock bodies
under the action of uniaxial, triaxial, cyclic loading, and impact loading stresses [22-27].
While considerable progress has been made in the study of the conventional mechanical
behavior of composite coal, there have been few studies on the difference of energy release
and transfer between hard rock and coal body during the failure of composite coal, making
it necessary to carry out relevant studies. The failure process of rock and coal seams in
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coal-rock combination is often not synchronized. After the failure of soft coal seams, the
release and transfer of elastic energy of hard rock strata aggravate the secondary failure of
weak layers, which are prone to a larger disaster. Consequently, it is necessary to carry out
relevant research.

In this work, some uniaxial mechanical tests of coal-rock mass were carried out and
the whole process AE characteristics of sample failure were monitored. Then, the effective
stress and energy release model of composite coal-rock mass was established. On this basis,
the internal process and the mechanism of the occurrence of coal-rock compound dynamic
disasters were analyzed.

2. Experimental Study of Energy Transfer during Coal-Rock Composite
Dynamic Disaster

Currently, the mechanism of energy transfer and the release of coal-rock multilayer
composite structure under the influence of deep mining is unknown, limiting the scope of
disaster prevention technology. In response to the overall demand of China’s coal mining to
move deeper and the need for disaster prevention and control of coal mining under complex
high-stress environments, focusing on the coupling action mechanism of high elastic energy
of deep-mine quarry perimeter rock systems on coal-rock rupture induction mechanism
and coal-rock body energy release at the mining working face, exploring the coupling law
of gathering, releasing, and transferring high elastic energy of deep-mine perimeter rock—
coal body in the process of composite dynamic disaster initiation, and studying to obtain
the quantitative discriminant conditions of coal-rock complex dynamic disaster initiation
under high ground stress and mining-induced stress in deep mines are necessary. To this
end, we conducted a series of mechanical experimental studies on the coal-rock composite
and obtained the characteristics of the total stress—strain relation, acoustic emission energy,
and elastic energy dissipation law of the coal-rock composite specimens.

As presented in Figure 1, it is assumed that the failure of each stratification and
equivalent whole coal-rock mass conforms to the Mol Coulomb criterion. For pure rocks, it
is generally believed that the elastic energy stored before peak is greater than the elastic
energy released after peak, and it is considered that dynamic disaster occurs. However,
for the composite coal-rock mass, the hard sandstone layer has no overall failure and the
accumulated elastic energy can bounce back and transfer energy to the coal seam after
the failure of the soft coal seam. It can be assumed that the rebound energy of the hard
sandstone is greater than the energy required for the fracture of the damaged coal seam per
unit post-peak and a disaster will occur.

T

&g

Figure 1. Failure and disaster discrimination model of composite coal-rock mass (U€ is the pre-peak
stored elastic energy; U9 is the post-peak dissipation elastic energy).
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2.1. Mechanical Characteristics of the Coal-Rock Assemblage

Uniaxial mechanical tests were conducted using raw coal and roof sandstone from
a typical mine in Shanxi, and coal-rock assemblage tests with different lithologies and
thicknesses were conducted to gain insight into the differences in the layered mechanical
behaviors and strength response characteristics of the assembled coal-rock bodies. The
height of the coal seam collapse zone of the sandstone roof is 1-2 times that of the coal
seam, thus the height ratio of 1:1, 3:2, and 2:1 for coal to sandstone were investigated. The
test principle is shown in Figure 2. The experiments are based on PIC2 acoustic emissions
(PAC, Princeton Jct, NJ, USA) to monitor their micro—-seismic properties.

Strain
auges

Figure 2. Principle of uniaxial mechanical testing of combined coal bodies.

The strength evolution characteristics of the combined coal bodies of different sand-
stone types are given in Figure 3. The figure shows that the compressive strength of the
fine sandstone assemblage is greater than that of the coarse sandstone assemblage, and the
strength of both is lower than that of the siltstone assemblage. In other words, the strength
of the siltstone and coal assemblage is greater for the same proportion of the assemblage,
which is mainly influenced by the strength of the other components except coal, and the
greater the strength of the sandstone, the greater the overall strength of the assemblage. On
the contrary, the strength of the composite is close to that of coal. Although it is increased,
the range is small. Therefore, it can be judged that the strength of the composite mainly
depends on the strength of the weak coal.

This is mainly because the deformation modulus and Poisson’s ratio of sandstone
and coal are different, resulting in the constraint stress at the interface of the coal-rock
mass [5,24]. As shown in Figure 1, the effective cohesion stress and internal friction angle
of the combined coal-rock mass are greater than those of a pure coal layer, so its overall
equivalent strength would be improved, as presented Figure 3.

The strength law of the assemblage under different coal-rock thickness ratio conditions
is given in Figure 4. The figure shows that the compressive strength gradually increases with
the climbing rock—coal height ratio. This also indicates that the strength of the assemblage
increases to different degrees as the rock—coal height ratio increases. When the rock—coal
ratio increased from 1:1 to 3:2 and 2:1, the strength of the coal-rock assemblage increased
from 5.745 MPa to 5.985 and 6.225 MPa in that order, which is an increase of 4.176% and
8.355%, respectively. For the coal-rock assemblage, its strength is not only affected by
lithology but also the coal-rock thickness ratio exudes some influence.
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Figure 3. Effect of lithology on the strength of coal-rock assemblages.
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Figure 4. Effect of coal-rock thickness ratio on the strength of the coal-rock assemblage.

The relation between the maximum instantaneous release of acoustic emission energy
and the lithology and thickness ratio of the coal-rock assemblage is given in Figure 5,
showing that with the increase of the sandstone layer strength, the AE transient energy
maximum shows an increasing trend and, with the increase in the rock—coal thickness
ratio, the AE energy maximum transient release also shows an increasing trend, which
is consistent with the change in the coal-rock assemblage strength. This indicates that
the greater the strength of the coal-rock assemblage, the more energy is stored before the
peak and the greater the peak instantaneous release energy is, i.e., the greater the chance
of a coal-rock dynamic hazard. In actual engineering, due to the influence of mining
disturbance, the rock body ruptures and releases energy and the amount of instantaneous
released energy directly determines the intensity of the dynamic hazard. In deep coal
mining, the probability and energy level of impact disaster will be considerably increased
for hard roof and thick roof deposit conditions, which should be prevented and regulated
in a timely manner.
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Figure 5. Maximum transient energy versus coal-rock assemblage structure.

2.2. Non-Uniform Deformation Behavior of Coal-Rock Assemblage

In this work, strain gauges were installed in sandstone and coal layers, respectively,
to monitor the deformation of each layer and the deformation of the whole assembly was
monitored by the axial displacement meter of the instrument. Due to the differences in
the mechanical properties of the sandstone and the raw coal stratification in the coal-rock
assemblage, there are large differences in the deformation of each stratification under
uniaxial stress conditions. Figure 6 gives the deformation relation of sandstone and raw
coal layering and the combination of different lithological coal-rock combinations (one
of the specimens is selected for analysis for each experimental condition). For different
lithological combinations, the deformation of the composite coal-rock body is always
between the deformation of sandstone and raw coal fractal, and the deformation of raw
coal fractal is much larger than that of sandstone fractal. As the strength of the sandstone
layer increases, the deformation of the sandstone fractal is lower and the deformation of
the coal fractal is greater simultaneously. In addition, after the peak, the deformation of the
original coal fractal and the assemblage continues to increase, while the deformation of the
sandstone fractal gradually decreases.

The analysis concluded that for the coal-rock assemblage, the raw coal delamination
strain is much larger than the sandstone delamination under the same uniaxial stress
because the modulus of elasticity and strength of the raw coal are much lower than that
of the sandstone. When the raw coal partition enters the yielding and post-peak stage,
the sandstone partition is still in the elastic stage, the post-peak stress decreases, and the
strain decreases for the sandstone partition due to elastic rebound, whereas the strain
continues to increase for the raw coal due to post-peak fracture surface slip. In addition, for
sandstone layering elastic rebound, this effect exacerbates the damage and destruction of
the raw coal layering. That is, after the overall destabilization of the coal-rock assemblage
specimen occurred, the rupture occurred mainly in the coal stratum, while the elastic
deformation energy originally stored in the sandstone stratum occurred due to the overall
stress reduction and deformation rebound phenomenon; this deformation acted on the coal
stratum and accordingly prompted the development of fractures in the coal.

In the actual deep coal seam mining process, the coal mass in front of the working face
was damaged and broken due to mining disturbance, and the elastic energy transfer from
the hard roof is easy to trigger the coal seam to produce a large number of fractures, thus
increasing permeability of the coal seam, thus increasing the gas outburst risk. In addition,
roof elastic energy transfer would also aggravate the fracture of the coal seam, resulting in
an instability coal-burst disaster.
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logical coal rock combinations. (a) coarse sandstone—coal; (b) siltstone—coal; (c) fine sandstone—coal.
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3. Analysis of the Local Non-Uniform Stress Field in the Coal-Rock Assemblage

In fact, during the deformation and damage of the assemblage, the coal body can be
considered to be subjected to the ‘surrounding pressure’ of the rock near the joint surface,
whereas the rock body near the joint surface is subjected to radial tension. Of course, the
surrounding pressure mentioned here is not the radially uniform surrounding pressure
applied to the side of the specimen during the triaxial test. The pressure exerted by the
triaxial test can be regarded as the active pressure, while the coal body part is subjected to
the ‘pressure-supporting effect’” only when the coal body part is radially deformed by the
axial load on the combined specimen, which is, in a sense, the ‘passive pressure-supporting
effect’. It is spatially distributed in the coal part near the joint surface and varies with the
degree of deformation.

The stresses and deformations of each laminated rock in the composite coal rock are
very different from those of the intact individual rocks. To maintain the same deformation of
the composite coal-rock samples under triaxial compressive stress, the lateral deformation
of the weaker rock is constrained by the stronger rock. Due to the difference in sandstone—
coal deformation and the coordinated constraint of interfacial deformation, the sandstone
will limit the deformation of coal specimens with smaller lateral deformations and reduce its
deformation. Conversely, coal specimens with large lateral deformations will promote the
deformation of sandstone with smaller lateral deformations and increase its deformation.
This also results in the strength of the composite coal-rock body being higher than that
of the coal specimen and lower than that of the sandstone specimen. Based on the stress
balance relation, the three principal stresses in each layer should satisfy the following
relation [24]:

(7'1R:(7'1,(Tlczl7'1
R _ R C _ C
0, —(72+¢72p,02 —(72+0'2p 1)

R _ R ,C _ C
03 = 03+03, 03 = 03+03,

where 0’1R, (75, 0'5, f , (72(: , g are the three effective principal stresses of rock and coal seam
are represented, respectively.(ré;, Ufp, crch, U3Cp denote the confining stresses in the directions
of 0> and o3 for the sandstone and coal samples, respectively.

The additional stresses caused by the principal stresses satisfy the following rela-
tion [24]:

R _ _ R R R
Oop = ~Op1 T Oop2 — O2p3
R _ __R R R
O3p = —03p1 — O3pp + 033

@

c_.C c c
O2p = O2p1 — O3pp T 023

C _

C
0311 =

‘73?;71 + (73%2 — 05
where Ué{pl,afpz, U§p3,achl,(7§pz, Uchs are the induced confining stresses caused by three
principal stresses in sandstone and coal samples.

At the laminated contact surfaces of coal and rock, the additional stresses between
coal and rock are the same due to cementation. Therefore, the additional stresses should
satisfy the following relation [24].

R _.C R __C R __C
Oop1 = T2p1/92p2 = O2p2r 92p3 = V23 3)

R _.C R __.C _R _ _C
T3p1 = U3p1/93p2 = O3p2/%3p3 = U3p3

As described in Figure 7, for uniaxial compressive stress states (0, = 03 = 0):

R 4)



Processes 2022, 10, 2634

90f13

According to the generalized Hooke’s law,

e = El—R [02 — vg(oR +0?)]

] = El—R [02 — vg(oR +02)] -
e§ = Eic [—02 —vc(oF —a})]

§ = e —velef )]

where 812{, Slé, sg, sg represents the strain of the rock and coal seam in the direction of stress

02,03, respectively. Eg, Ec, Ug, vc are the elastic modulus and Poisson’s ratio of the rock
and coal layer, respectively.
Assuming that both the rock and coal seams are transverse isotropic, the strain satisfied:

R _ .C
& =&
R (6)
€3 = €3
Subsequently,
R _ 4C _
o =0y =0 )
2 _ .3 _ 2 _.3_ Ecvr—Eruc
0¢ =0 = —0f = =07 = Er(i—vc) TEc(—vr)

Based on the above analysis, the stress characteristics of each part of the coal-rock
assemblage can be clearly understood and the generation mechanism of local tensile cracks
at the coal-rock interface can be better understood.

Figure 7. Local stress analysis of the coal-rock assemblage.

4. Energy Nonlinear Evolution and Release Mechanisms of Coal-Rock Assemblages

To study the destabilization and damage mechanism of the coal-rock assemblage
under dynamic action and to explore the interaction relation between coal-rock components,
a deformation and energy evolution model of coal-rock assemblage was constructed, as
shown in Figure 8.

The coal and rock components constitute the coal-rock assemblage, which is kept
in mechanical equilibrium under the load ¢. The load-displacement curves of the rock
component and the coal component can be expressed by Equation (7). The strength of the
rock component is stronger than that of the coal component so that destabilization damage
did not occur and the stress—strain relation of the coal (c) and the sandstone (s) layer is as

follows [11].
0. = ECsC
{ 0s = Egés ®)
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Figure 8. Deformation model of coal-rock assemblage. (a) Composite coal-rock deformation diagram;
(b) strain test results of composite coal-rock mass.

Assuming that the components and assemblies satisfy the law of energy conservation
during stress loading and that the temperature field remains constant, the peak front energy
field relation should satisfy the following relation [28,29].

SCV Ssp

UT - UC + US - f Ucdec + f U’sdé‘s
0 0
2 2 )
o UTHUS = e+ g
ud =u? +ud = Ur — s
where Ur, U, Us are the total energy of composite, coal, and sandstone layer, respectively;
7, U¢, Ug are the elastic energy of composite, coal, and sandstone layer, respectively;
ud, u?, u¢ are the dissipate energy of composite, coal, and sandstone layer, respectively.

Combined with Figure 8, it can be seen that the energy relation between the peak to
post-peak residual phase of raw coal stratification is satisfied.

2
e ‘TCPZ Ief

AUE = Ug, — Uy = 3 — 5 .
AU = U,y — Ugs
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where U(‘fp,

residual strength of composite coal-rock; E¢p, E, £ are the elastic modulus before and after

U(‘f are the elastic energy before and after peak stress; Ucp, Ocf are the peak and

peak stress; AU and U, f are the elastic energy and total mechanical energy that can be
released at the residual strength of the raw coal stratification, respectively.
For the peak to post-peak residual phase of sandstone layer, the energy relation can

be obtained:
2 2

(% (%
AUS = U, — U

sp— YUsf = 2E,, 2Eg (11)

It is assumed that all deformation energy of the elastic rebound of the sandstone
partition is transferred to the original coal partition. Based on this, the energy transferred
from (DU%) the sandstone partition to the original coal partition in the post-peak phase is:

. _ o’ o
f 7 2By, 2Eg

DU = ug, - (12)

where Egp, Eg¢ denote the loaded and unloaded modulus of elasticity of sandstone strat-
ification, respectively; o¢p, 0. ¢ denote the peak and residual strength of coal-rock assem-
blage, respectively.

Figure 9 shows a model of non-linear energy transfer and release rupture of the coal—-
rock assemblage. The main reason for this is that the assemblage is continuously loaded
by the testing machine and, although there is a loss of energy, a considerable amount of
energy is accumulated overall. As the energy storage limit of the coal component is low, the
weak coal component is the first to break when the accumulated energy reaches the energy
storage limit of the assemblage. In this manner, a considerable amount of elastic energy is
released and the overall stress is reduced. Owing to the coordinated tensile effect of the
rock—coal interface, tiny cracks are formed on the surface of the rock component (which is
prone to tensile damage), the stress is reduced after the peak of the assemblage, and the
elastic rebound of the sandstone stratum occurs due to stress reduction. Thus, the elastic
energy of the sandstone stratum is transferred to the original coal stratum. This leads to
the intensified damage of the original coal stratum and is more prone to coal-rock dynamic
disaster or secondary dynamic impact disaster.

Figure 9. Non-linear energy transfer and release rupture-causing model for coal-rock assemblages.
((a—=d), Incongruous fracture evolution of composite coal rock mass; (e) failure modes of composite
coal-rock of the experiments).
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Therefore, in the actual process of deep resources development, it is necessary to avoid
the sudden rupture of hard roof caused by mining disturbance and reasonable and effective
measures should be taken to support the roof or to relieve stress in a timely manner.

5. Conclusions

In order to solve the complicated problem of coupling failure disaster mechanisms
of the special structure of hard—roof soft—coal seams in the deep coal mining process, this
work carried out experimental and theoretical research and revealed the coupling fracture
behavior and the energy transfer law of the coal-rock assemblage. The main conclusions
are as follows:

(1) The mechanical behaviors of the combined coal-rock body are different from that of a
single coal-rock. Particularly, the overall strength of the combined coal-rock body is
higher than that of a single raw coal, which is of great significance to the actual deep
coal mine in terms of roof control and surrounding rock support.

(2) The damage of the coal-rock assemblage in the uniaxial stress state occurs mainly in
the soft raw coal stratification, and the sandstone part of the hard roof is in the elastic
stage throughout the process. The elastic rebound after the overall destabilization
transfers energy to the coal seam.

(8) The effective stress relation of each stratum of the combined coal-rock body was
obtained based on the deformation coordination relation, and the coal-rock body
rupture roof coal seam elastic energy transfer relation was obtained based on this. The
hard roof often transferred part of its stored elastic energy to the coal seam after the
coal seam was unstable, thus aggravating the coal seam instability.

The research of this work is of great significance for the safe mining of deep hard
roof coal seams, disaster prevention and control, and may provide important theoretical
reference. The work in this paper is mainly based on the uniaxial compression condition
to establish a mathematical model, therefore it is necessary to consider the influence of
three-dimensional stress fields in the future, as the failure mechanism and energy transfer
law are more complex.
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