Hindawi

Geofluids

Volume 2021, Article ID 6655443, 14 pages
https://doi.org/10.1155/2021/6655443

Research Article

WILEY

Hindawi

Critical Conditions and Energy Transfer Characteristics of the
Failure Process of Coal-Rock Combination Systems in Deep Mines

Haitao Sun," Linchao Dai(,"? Yanbao Liu,"? and Hongwei Jin’

IState Key Laboratory of the Gas Disaster Detecting, Preventing and Emergency Controlling, Chongqing 400037, China
2China Coal Technology and Engineering Group Chongqing Research Institute, Chongqing 400037, China
3School of Safety Engineering, Xi’an University of Science and Technology, Xi'an, Shanxi 710054, China

Correspondence should be addressed to Linchao Dai; dailinchao@126.com

Received 7 December 2020; Revised 21 December 2020; Accepted 4 February 2021; Published 25 February 2021

Academic Editor: Timothy S. Collett

1. Introduction

Copyright © 2021 Haitao Sun 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.

With the steady increase in the size, intensification, and modernization of coal production enterprises, the deep coal resources in
large coal bases are gradually entering the mining stage. When the coal mining reaches the deep zone, the interactions between
various underground dynamic hazards begin to occur. These interactions are affected by the engineering geological environment
and can lead to the occurrence of severe compound hazards. When coal and gas outbursts occur and destabilize the mining
area, the high geostress causes the multiphysical coupling effect of the laminated overburden system to become more
pronounced. Therefore, we analyzed the development path of a coal-rock system under instability conditions from the
perspective of coal-rock coupling, constructed a model of the coal-rock combination system’s structure, and proposed three
directions (i.e., strain softening, limit equilibrium, and dynamic instability) for the development of coal-rock system instability.
Then, we established a model for the critical conditions of the system’s failure process and elucidated that the release of the
rock’s elastic energy promoted the instability of the coal. Furthermore, we verified the established critical conditions through
laboratory tests on a coal-rock combination structure and obtained the patterns of the rock energy transferring into the coal
seam during the instability failure process of the coal-rock combination structure. When the coal-rock combination structure
failed, the rock strain reached its maximum value and the strain rebound phenomenon occurred. The stored elastic strain
energy released by the rock into the combination system accounted for 26% to 53% of the accumulated energy in the rock itself,
and the released elastic energy and the new surface area of the crushed coal sample followed a logarithmic relationship. The
findings of this study provide theoretical support for the identification and quantitative analysis of instability due to the
dynamic hazards of coal-rock gas in deep mines.

outburst compound dynamic hazard of coal-rock [6, 7],
which is caused by the combined actions of multiple factors
such as high stress, high gas pressure, and a hard roof under

As the depth of coal mining increases, deep mining presents a
complex mechanical environment that has been described as
“three highs and one disturbance,” i.e., high geostress, high
geotemperature, high osmotic pressure, and strong mining
disturbance, making the rock’s mechanical behavior and the
hazard characteristics in the deep zone significantly different
from those in the shallow zone [1-5]. When coal mining
reaches the deep zone, interactions begin to occur between
the various underground dynamic hazards in the coal mine,
resulting in compound hazards such as the rockburst-

deep conditions and poses a serious problem in deep coal
mining projects. Coal-rock dynamic hazards in deep mines
are affected by the special engineering geological environ-
ment, which involves complex mechanisms of hazard forma-
tion, occurrence, and development. Numerous basic studies
have been carried out on this topic. Several studies used the
dynamic failure characteristics of rock specimens determined
using a flexible testing machine to describe rockburst and to
formulate the stiffness theory of rockburst [8, 9]. Based on
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the energy criterion of rockburst and coal and gas outbursts,
other studies established a unified instability theory of
rockburst and coal and gas outbursts and discussed the
mechanism of the induction and transformation of dynamic
hazards [10-16]. Compound dynamic hazards have been
reclassified [17, 18]. Numerous studies have been conducted
on the rockburst tendency, damage precursor information,
acoustic emission characteristics, and electromagnetic radia-
tion signals of coal-rock combinations, and the deformation
characteristics and strength criteria of different coal-rock
combinations have been discussed [19-28].

The deep high-stress environment significantly increases
the risk of rockbursts in coal seams, roofs, and their combina-
tion structures. The elastic energy stored in coal-rock struc-
tures with a rockburst tendency is an important energy
source for the occurrence of compound dynamic hazards.
This elastic energy is used in the process of coal and rock
dynamic hazards. The patterns of the accumulation, trans-
formation, and dissipation of the elastic energy in the process
of coal-rock dynamic hazard formation directly determine
the probability and intensity of the hazards [29]. The exper-
imental study of coal-rock combinations from an energy
perspective helps to fundamentally investigate the failure
mechanism of coal-rock combinations. When the coal-rock
combination specimen vyields, the proportion of the dissi-
pated energy increases while that of the elastic energy
decreases [30, 31]. Chen et al. [32] conducted uniaxial load-
ing tests on coal-rock combinations with different propor-
tions and found that the energy of the coal-rock sample is
mainly distributed in the weak coal-rock seam, and regard-
less of the specific type of the coal-rock combination, the
portion of energy in the coal is greater than 50%. Song et al.
[33] carried out the conventional uniaxial and uniaxial cyclic
loading tests on three types of samples (i.e., coal, rock, and
coal-rock combinations) to reveal the failure modes and
energy evolution law of underground coal during the mining
process and found that the elastic energy stored in coal-rock
combinations played a dominant role in the distribution of
all input energy, accounting for more than 80% of it. And
with the increase in cycle index, both the elastic energy stored
in the sample and the dissipated energy increased in a qua-
dratic function, and the failure process became more intense.

During the occurrence of coal-rock dynamic hazards in
deep mines, the instability failure of coal-rock combinations
is clearly influenced by the lithological characteristics of the
coal seam and the roof, and the corresponding failure process
is caused by the comprehensive effect of the roof-coal seam—-
floor system. Therefore, we simplified the coal-rock system
to a rock+coal combination sample structure. Different types
of coal-rock combination sample structures were con-
structed, and laboratory tests were carried out to investigate
the patterns of accumulation, transformation, and dissipa-
tion and the quantitative characteristics of the energy in the
rock sample and coal sample during the deformation and
failure process of the coal-rock combination samples with
different characteristics (i.e., combination types and litholo-
gies). The mechanical criterion and energy failure character-
istics of the compound failure of the bursting coal-rock
combination sample structure were obtained to guide the
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prediction and the prevention and control of rockburst-out-
burst compound dynamic hazards in deep mines.

2. Analysis of Coal-Rock Combination System in
Deep Mines

The roof-coal seam system in deep mines reaches the ulti-
mate mechanical equilibrium state and fails under external
loads and changes in the internal physical and mechanical
properties. When the elastic strain energy accumulated by
the system exceeds the energy consumed by the system at
failure, intense rockburst occurs as the crushed coal-rock
bodies are subjected to excess energy, resulting in coal-rock
dynamic hazards. Because the elastic modulus of rock is
much larger than that of coal, the strain of the rock part of
the sample is much smaller than that of the coal part during
the compression process. This leads to the failure of the
system, which is manifested by the failure and fragmentation
of the coal [34, 35]. During this process, from the system
being compressed to the coal reaching its mechanical equilib-
rium state, which leads to the ultimate failure of the sample,
both the coal and rock deform, and energy is accumulated
continuously in the system. When the energy accumulated
in the system reaches the limit the system can bear, the
coal-rock combination structure undergoes instability fail-
ure, which causes the energy to be released rapidly, resulting
in the deformation failure of the coal at the bottom. In the
above process, the upper rock deforms under compression,
and energy is continuously accumulated in the rock. Part of
the accumulated energy acts on the rock itself, compacting
the primary pores and fractures, while the other part of the
energy is stored in the form of elastic energy. When the com-
bination structure undergoes instability failure, the coal fails,
the strength of the system decreases sharply, and the rock is
unloaded. This passive unloading causes the strain rebound
phenomenon in the rock; that is, the strain of the rock
decreases. The elastic strain energy stored in the rock itself
is released instantaneously, and part of the released elastic
energy acts on the coal, exacerbating the failure of the coal
and increasing the crushing degree of the coal. When the coal
undergoes instability failure, it bears not only the effect of the
accumulated energy of the system under the external load but
also the effect of the elastic strain energy released by the rock.
In different combination structures, the rock has different
effects on the elastic strain energy of the coal and on the
degree of aggravation of the coal failure.

Taking the coal-rock combination sample with an upper
rock and lower coal structure as the research object, the roof-
coal seam structure in a deep mine was simulated, and the
model of the interaction between the coal seam and the rock
layer in a deep mine was simplified using the similar model
method, as shown in Figure 1. It is of great significance to
analyze the failure characteristics and mechanical properties
of different combination samples under uniaxial conditions,
to investigate the quantitative patterns of energy conversion
during the instability failure of combination samples, and
to elucidate the mechanisms of compound dynamic hazards
under deep mine conditions from an energy perspective.
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Ficure 1: The structural mechanics model of coal-rock
combination: (a) geological engineering model; (b) simplified model.

3. Critical Conditions for Instability Failure of
Coal-Rock Combination System

In a coal-rock combination structure, the coal and rock have
different physical and mechanical properties. The coal, the
large number of microfractures and pores inside the coal,
and the coal-rock interface jointly constitute the soft part
of the combination structure, and the rock constitutes the
hard part [36]. The coal-rock combination sample structure
exhibits nonlinear mechanical properties, and the critical
conditions for its instability failure and the criterion of the
failure state are related to the physical and mechanical prop-
erties of the coal and the rock.

3.1. Criterion of the Failure State. To objectively describe the
stress—strain relationship of the coal-rock combination
structure under vertical mining stress during the advance-
ment of the driving face, a simplified uniaxial loading model
of the coal-rock combination structure was established, as
shown in Figure 2.

Assuming that a and b are the rock block and coal block,
respectively, each of which has an elasticity-strain softening
constitutive relationship, the constitutive equation for the
coal-rock combination material is shown in Figure 3 and
the following equation:

Ee, —oo<e< e,
o=q 0.—E(e-¢), e <e<e, (1)
O £, < €<+00,

where E is the elastic modulus of the material and E, is the
slope of the descending section of the curve, which is taken
as a positive value. o is the uniaxial compressive strength of
the material; and ¢_ is the compressive strain of the material
when it reaches the uniaxial compressive strength, e. = 0 ./E.
o0, and ¢, are the strength and strain, respectively, of the mate-
rial when it essentially loses its load-bearing capacity, that is,
the starting point of the zero residual strength stage.
Suppose that the displacement at the top of a (i.e., the
overall displacement of the combination sample) is u. The
peak strains of a and b are ¢, and ¢, respectively. Before b
reaches the peak strength, both a and b are in the linear elas-
tic stage, that is, in the first part of the constitutive equation.

FIGURE 2: Coal-rock combination uniaxial loading model.
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FIGURE 3: The elasticity-strain softening constitutive relationship.

The following relationship can be obtained by assuming that
the stresses on a and b are equal during the compression:

{ Easasa :Ebsbsb, (2)

el +el,=u,

where E, and E, are the elastic moduli of the rock and coal,
respectively; &, and ¢, are the strains of the rock and coal,
respectively; S, and S, are the cross-sectional areas of the
two blocks, respectively; and I/, and [, are the heights of the
corresponding rock block a and coal block b, respectively.

According to Equation (2), the stress-displacement
relationship of the coal-rock combination structure in the
linear elastic stage is

O’:Easa = Lbsbu) (3)
E,S,l, + E,Syl,

where o is the stress of the combination structure in the elas-

tic stage. In this stage, the overall strain of the combination

structure increases as the external load increases, and the

system is in a stable state.

When the axial load gradually increases to a certain value,
in the loading model, b reaches its peak strength first, and the
failure of the combination sample occurs in the coal block. At
this time, the constitutive relationship of b in the combina-
tion structure is expressed by the second part of the equation,
that is, the slope section in Figure 3. a still satisfies the



characteristics of the elastic stage, and the corresponding
relationship is as follows:

Substitution of e, = 0,/E, into Equation (4) gives

_ EySyocly + EpSpocply — EpSpEqtt
! (EaSalb - Ethshla)Eh

(5)

Finally, the stress of the coal-rock combination structure is

ooEe = La ((Ebsbocb/la) + (EwSp0cp/la)

_ E By Sy/ll,
“E, (EsSalla) = (EgSp/ly) .

(Eusu/la) - (Etbsb/lb) ¢

(6)

When the external load causes b in the combination struc-
ture to fail completely, the combination structure completely
loses its bearing capacity. b is in the third part of the constitutive
equation, while a is still in the elastic stage, and the following
relationship applies:

0 =0y (7)

where o0, is the strength of coal block b when it loses its
bearing capacity.

EEpSy
E,S,l, + E,Syl,

]
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The failure state of the combination structure under uni-
axial conditions can be divided into three stages, namely, the
elastic (nonfailure) stage, the failure stage, and the postfailure
stage, based on the constitutive equation of the coal-rock
combination structure constructed under uniaxial conditions.
Taking b with its relatively low strength in the structure as the
research object and using the relative relationship between the
ratio of the strain € of b in the uniaxial compression process to
the strain . when it achieves its uniaxial compressive strength
and the strain &, when it just completely loses its load-bearing
capacity, the characteristics of each stage are as follows:

(1) When e<eg_, the combination structure is in the
elastic stage, and neither the coal nor the rock fails.
As the external load increases, the strain of the coal
and rock increases

(2) When ¢_ < e < ¢, the combination structure is in the
failure stage. e_ is the starting point of the instability
failure of the combination structure, and it corre-
sponds to the maximum stress point of the combina-
tion structure. After this point, the coal block fails
and the stress decreases as the strain increases,
exhibiting a sharp drop in the bearing capacity of
the combination structure

(3) When ¢,<¢, the combination
completely lost its bearing capacity

structure has

3.2. Analysis of the Critical Conditions of Failure. According
to Equations (3), (6), and (7), the expression or the stress
on the coal-rock combination structure is

—00<¢g, < €y

E,ES,/1,1,

0=3 E, ((E;S,04/1,) + (EySp0/1,)
Eb (Easa/la) - (Etbsh/lb)

Orp>

Based on Equation (8), when the strain of b is within a
certain range, the conditions of the instability failure of the
overall combination sample structure can be obtained, as
shown in Figure 4.

(1) For the first equation (section OA in Figure 4), every
part of the combination structure is in the elastic
stage. As the load on the combination structure
increases, the displacements of the coal and rock
increase, but the system remains in a stable state.
The peak stress of this section is the peak stress o,
of b, which has a relatively low strength

(2) For the second equation, if (E,S,/I,) — (E;,S,/1,) > 0,
the coeflicient u is negative, and the combination
structure is characterized by strain softening (section
AB in Figure 4). In this stage, external work must be

> < < 5
(EaSa/la) - (Etbsb/lb) u) Feb S =5

& < €bS+OO.

done to the system to increase the degree of damage
to the system. However, if the external energy is input
at a very low rate, even if the system can withstand
less and less stress, the combination structure will
not suddenly lose its bearing capacity, and thus, the

system remains in a stable state
If (E,S,/1,) — (EySy/l,) <0, the coefficient u is positive,
and the equilibrium path of the system corresponds to
section AD in Figure 4. The external load on the system
decreases continuously, and the displacement at the top of
the system increases (with downward displacement, i.e., the
top surface of the system moving upward, which is negative);
that is, the rebound phenomenon occurs. This means that
while the system gradually loses its bearing capacity, it
performs external work, and the elastic strain energy
accumulated in the combination structure is released. The
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FIGURE 4: Balance path of coal-rock combination under uniaxial
compression.

equilibrium path of section AD is from A to D; that is, the
system performs external work and loses its bearing capacity.
When the external constraints on the system are sufficiently
small and thus, the system is unable to effectively perform
external work, in addition to acting on the coal, the internal
elastic strain energy may also be directly transformed into
the kinetic energy of the rock block. Thus, the system will
rapidly lose its stability and exhibit a dynamic effect.

If (E,S,/1,) — (ESy/1,) =0, the coefficient u is negative
infinity, and the equilibrium path of the system corresponds
to section AC in Figure 4. In this case, the system is in a
critical state. This means that as long as work is done exter-
nally by or to the system, it immediately loses all bearing
capacity; that is, the combination structure is in a state of
limit equilibrium.

(3) For the third equation, the equilibrium path of the
system corresponds to the back section of point B in
Figure 4. b in the combination structure has already
undergone instability failure, and the strength of the
sample is reduced. The external load is the residual
strength of b.

According to the above analysis, E,S,/I, is the stiffness
of a in the combination structure and characterizes the
ability of a to resist elastic deformation when it is stressed
during the elastic stage; and E,;,S,/l, is the stiffness of b
after failure and characterizes the ability of b to maintain
its bearing capacity when displacement occurs during the
strain-softening stage. The correspondence between (E,S,
/1,) — (EySy/l,) and 0 can be used as the critical condition
for the combination structure in different failure states, and
the critical point of instability failure of the combination
structure can be determined accordingly. When its value is
zero, the system is in a state of limit equilibrium. When its
value is greater than zero, the damage degree of the combina-
tion structure increases if it is subjected to a large external
load. When its value is less than zero, the damage to the com-
bination structure is attributed to the combined actions of the
external load and the rock block rebound energy, which may
cause rapid instability failure.

3.3. Coal-Rock Elastic Modulus Correction Parameters. Due
to the large number of pores and fractures in the coal, rock,

and combination samples, they are strongly heterogeneous
and anisotropic. Therefore, the elastic moduli of the rock
samples and coal samples obtained in the experiment are
not unique values but are dynamic variables related to the
loading process. Considering the weakening effect of the
coal-rock interface and the microfractures and pores inside
the rock and coal on the elastic modulus and taking into
account the influence of data discreteness due to the low
number of experiments, the elastic modulus parameters of
the coal and rock should be corrected in the data analysis.

In the coal-rock combination sample structure system,
the rock is regarded as the hard part and is equivalent to a
hard spring, while the coal is treated as the soft part and is
equivalent to a soft spring, both of which satisfy Hooke’s
law, i.e., the two-part Hooke’s model (TPHM) [37-41]. The
structure of the coal-rock combination sample is a TPHM,
in which the nonlinear behavior of the combination sample
during the loading process is discussed. Using the basic
assumptions, the coal and rock in the coal-rock combination
sample are regarded as a soft body and a hard body, respec-
tively. The force deformation process is shown in Figure 5.
In Figure 5, F is the external force; Hy and H; are the heights
of the rock and coal, respectively, in the coal-rock combina-
tion before loading; Dy and D, are the diameters of the rock
and coal, respectively, in the coal-rock combination before
loading; hp and hg are the heights of the rock and coal,
respectively, in the coal-rock combination after loading;
and dy and d; are the diameters of the rock and coal, respec-
tively, in the coal-rock combination after loading. When
only uniaxial compression and axial strain are considered,
the change in the diameter of the combination sample before
and after loading can be ignored, i.e., Dy_ dy and D_ d. A is
the displacement of the coal-rock combination specimen
before and after loading.

Under external force F, the coal-rock combination will
undergo elastic deformation. According to Hooke’s law,

dO'R = mRERdSR, (9)

doc = mcEqdec, (10)

where o and o, are the stresses applied to the upper rock
sample and the coal sample, respectively; E; and E are the
elastic moduli of the rock sample and coal sample, respec-
tively; egand & are the axial strains of the rock sample and
the coal sample, respectively; and my and m are the correc-
tion coeflicients for the elastic moduli of the rock sample and
the coal sample, respectively.

In the TPHM, the rock represented by a hard spring
and the coal represented by a soft spring deform under
the same force F. There are a large number of fractures
in the coal, a considerable number of which are consis-
tent with the direction of the principal stress and will
develop and propagate as the principal stress increases,
thereby leading to the failure of the coal and resulting
in nonlinear elastic deformation or inelastic deformation.
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FIGURE 5: Schematic diagram of the deformation of the coal-rock
combination under an external force.

The respective strains of the rock and coal in the combi-
nation sample are

dey = - (11)
HR
dh

dec=——FC. (12)
HC

Equations (9)-(12) were solved simultaneously to
obtain the respective stresses of the rock and coal in
the coal-rock combination as follows:

E
aR:_’”If‘I R +Cp

: (13)
o =——mcECh +C
C HC R 2

where C, and C, are integration constants.

When the external force F is zero, under the initial con-
ditions, hy = Hy and h.=H_, based on which C, = myEy
and C, = mcE. Substitution into Equation (13) leads to the
correction parameters of the displacements, strains, and elas-
tic moduli of the rock and coal in the combination sample
structure as follows:

AR=hy — Hy = —Hy GEE ,
m
o (14)
AC=ho—Hq=-Ho—5—.
C C CmCEC

Hy, H myE
R R RER (15)
o iC _homHo__ oc
¢ H¢ H¢ mcEc’
OR
RT >
epE
RER (16)
__ %
“ ecEc
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4. Mechanical Experiment and Analysis of the
Instability of the Coal-Rock
Combination System

4.1. Experimental Design. The coal samples and rock samples
required for the experiment were both collected from the
Pingdingshan No. 5 Coal Mine. The coal-bearing strata in
this mine are 556 to 1090m thick, with an average of
796 m. There are 21 to 56 coal-bearing seams, including 8
minable and partially minable seams. Among them, the roof
of the Geng 20 coal seam is dominated by sandstone and
sandy mudstone, and its floor lithology is mostly sandstone
and limestone. To meet the experimental needs, rock speci-
mens with three different lithologies (i.e., coarse sandstone,
fine sandstone, and siltstone) and raw coal specimens were
prepared. According to their lithologies and coal-rock height
ratios, two groups of different combination samples were
prepared. Group A contained combination samples with dif-
ferent lithologies and with coal and rock heights of 50 mm
each, as shown in Figure 6(a). Group B contained samples
formed by bonding the siltstone specimens to the raw coal
specimens. The ratios of the heights of the rock and coal in
the specimens were 1:1, 1.5:1, and 2: 1, and the total height
of each sample was 100 mm, as shown in Figure 6(b).

The experiments were divided into 2 sets, as shown in
Table 1. In set A, uniaxial compression tests were carried
out on combination samples with three different lithologies,
and the experiments were repeated three times for each type
of combination sample. The experiments were numbered
All through A33, for a total of 9 experiments. In set B,
uniaxial compression tests were conducted on combination
samples with three different height ratios, and the experi-
ments were repeated three times for each height ratio. The
experiments were numbered B11 through B33, for to a total
of 9 experiments.

4.2. Experimental Results. A TAW-2000 microcomputer-
controlled rock triaxial testing machine was used to carry
out the uniaxial compression tests on the coal-rock combi-
nation samples, and a DH3818Y static strain tester was used
to monitor the strain of the samples. The test equipment is
shown in Figure 7. Figure 8 shows the stress-strain curve of
the coarse sandstone-coal combination sample (Al1l).
Figures 9(a)-9(c) show the failure modes of the coal-rock
combination sample structures with different lithologies.
Figures 10(a)-10(c) show the failure modes of the coal-rock
combination sample structures with different height ratios.
As can be seen from Figure 9, when the coarse sand-
stone-raw coal combination samples underwent instability
failure, a few cracks appeared in the rock part at the interface,
and the coal basically maintained its integrity. The failure was
concentrated in the pieces of lump coal, which still retained a
certain amount of integrity. The fine sandstone-raw coal
combination samples and the siltstone-raw coal combina-
tion samples were damaged severely. The coal was cut
through, the damaged coal was in the form of small blocks
and particles, and there were no notable cracks in the rock
parts. Figure 10 shows that the structure of the combination
samples with a rock-coal height ratio of 2:1 suffered the
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FIGURE 6: Schematic diagram of the deformation of the coal-rock combination under an external force: (a) combination samples with
different lithologies; (b) combination samples with different height ratios.

TaBLE 1: Experimental design.

Set A: samples with different lithologies

Set B: samples with different height ratios

Coarse sandstone-coal All Al2 Al3
Fine sandstone-coal A21 A22 A23
Siltstone-coal A3l A32 A33

Siltstone-coal height ratio 1:1 B11 B12 B13
Siltstone-coal height ratio 1.5:1 B21 B22 B23
Siltstone-coal height ratio 2: 1 B31 B32 B33

FIGURE 7: The test equipment. 1 the TAW-2000 testing machine,
2 upper indenter, 3 lower indenter, 4 coal-rock combination
sample, 5 extensometer, 6 strain gauges, and 7 the DH3818Y
static strain tester.

most severe damage. The combination structure was
completely destroyed, and the coal in the structure was
shattered into powder. The damage to the structure of the
combination samples with a rock-coal height ratio of 1.5:1
manifested as a large number of longitudinal cracks on the
surface of the coal, resulting in the coal being cut through.
Due to its internal failure, it no longer had a bearing capacity,

Stress (MPa)

0 T T T T

0 2 4 6 8 10 12 14
Strain (107%)
Coarse sandstone

—— Coarse sandstone-coal combination

FiGURe 8: The stress-strain curve of the coarse sandstone-coal
combination sample (A11).

and obvious dilatancy phenomenon occurred in the coal part
under compression. The damage to the combination sample
structures with a rock-coal height ratio of 1:1 was mainly
manifested as a few pieces of coal falling off of the structure.



(®)

Geofluids

FIGURE 9: The failure modes of the coal-rock combination sample structures with different lithologies: (a) coarse sandstone-coal; (b) fine

sandstone-coal; (c) siltstone-coal.

(0

F1GURE 10: The failure modes of the coal-rock combination sample structures with different height ratios: (a) siltstone-coal height ratio 1:1;
(b) siltstone-coal height ratio 1.5: 1; (c) siltstone-coal height ratio 2: 1.

TaBLE 2: The critical equilibrium values for the failure of the two types of coal-rock combination sample structures with different lithologies

and different height ratios.

Set A mpE S, /1, m.E,S, /1, Difference Set B mpE S, 11, m.E,S, /1, Difference
All 153.490 156.324 -2.834 B11 200.054 200.525 -0.471
Al2 153.581 156.110 -2.529 B12 209.201 209. 669 -0.468
Al3 157.802 159.573 -1.771 B13 206.072 206.508 -0.436
A21 180.778 181.845 -1.067 B21 244.145 244.436 -0.291
A22 175.587 176.664 -1.077 B22 241.743 241.945 -0.202
A23 178.998 180.079 -1.081 B23 245.242 245.455 -0.213
A3l 197.935 198.566 -0.631 B31 301.323 301.446 -0.123
A32 195.588 196.289 -0.701 B32 305.901 306.083 -0.182
A33 196.145 196.799 -0.654 B33 304.851 304.983 -0.132

The coal could still maintain the combination structure to a
certain extent after the failure of the coal, and the coal still
had some bearing capacity.

The difference in the structural failure modes of the two
different types of combination samples is mainly reflected
in the failure of the coal. For the combination sample struc-
tures of different lithologies, a higher rock strength corre-
sponded to a larger elastic modulus, so more elastic strain
energy could be accumulated during its compression defor-
mation. The elastic strain energy accumulated in the rock
was released into the coal at the moment when the sample
underwent instability failure, resulting in the differences in
the failure modes of the coal. For the combination sample
structures with different height ratios, a higher rock content

corresponded to a higher sample strength, so more elastic
strain energy accumulated during the rock compression pro-
cess. When the combination sample failed, the deformation
of the coal part was more violently and significant.

4.3. Critical Condition Verification Analysis. By substituting
the experimental stress and strain data for the coal-rock
combination structures used in the uniaxial compression
tests into Equation (16), the correction parameters m and
my for the elastic moduli of the coal and rock, respectively,
were obtained. Then, these were substituted into Equation
(8) to obtain the overall displacement-load function relation-
ship of the corrected combination sample structures
composed of rock block a and coal block b and the critical
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conditions for the failure of the corrected combination
samples, as shown in Equation (17).

mREumchSb
u,
mgE,S, I, + m.E,S,l,

—00<g;, < £y,

mczEbzsb/lulb

mREa <(mchSh0cb/la) + (mchSbacb/lu)
mch (mREaSa/la) - (mchSb/lb)

Orp>

mgE,S /1, — myE,S,/l, =0 indicates that the combina-
tion sample structure is in a critical state of limit equilibrium,
and the combination structure will fail immediately when the
external load increases. myE,S,/l, — m,E,S,/l, <0 indicates
that the combination sample structure is in the failure state,
and the coal part of the structure is subjected to the combined
actions of the external work and rebound energy of the rock
in the system. In the case of myE,S,/l, — m,E,S,/I, >0, if
external work is done to the system, the degree of damage
done to the combination sample structure will increase, and
the system will still have a certain bearing capacity.

Taking the peak failure point of the combination sample
as the research object, the coal in the sample at this moment
reaches its peak strength and ¢, > ¢, but the rock part is still
in the elastic stage. The structural failure characteristics of the
combination sample expressed by Equation (17) are satisfied.
Therefore, the critical equilibrium values for the failure of the
two types of coal-rock combination sample structures with
different lithologies and different height ratios can be calcu-
lated, as shown in Table 2.

As can be seen from Table 2, the critical equilibrium
values of the different combination samples are all negative,
and they approach 0 as the rock strength and the proportion
of rock in the combination samples increase, indicating that
the combination samples failed under the combined actions
of the external work and the rebound energy of the rock.
When the load on the system reached the maximum that
the coal could withstand, the strain of the coal increased,
exceeded its uniaxial compressive strength, and reached the
peak strain, at which time the combination structure under-
went instability failure. At this moment, the rock was still
in its elastic stage; and the strain increased with increasing
stress, reaching its maximum value at the peak point of the
system’s strain. After that, the strain of the rock decreased,
exhibiting a trend opposite to that of the coal. The strain
characteristics that the coal and rock exhibited at the system’s
strain peak point and in the moments thereafter indicate that
the rock exerts rebound energy on the coal, which is consis-
tent with the mechanical phenomenon represented by the
calculated critical equilibrium value being less than 0.

5. Energy Transfer Characteristics during the
Instability of the Coal-Rock System

5.1. Elastic Energy Test and Energy Transfer Analysis of the
Coal-Rock Combination. The energy evolution of the loaded

, £, <€ <&,
(mREuSa/la) - (mchSb/lb) u) < ’ "

& < sbS+OO.

coal-rock system can be divided into three main processes:
energy input, energy accumulation, and energy dissipation.
In the loading process, without considering the damping
dissipation and heat exchange, the energy input is mainly
derived from the work done by the experimental machine
on the combination sample. Part of the input energy is accu-
mulated in the combination sample in the form of reversible
elastic energy, and the other part is dissipated in the form of
plastic deformation energy and damage energy, which is
irreversible. When the accumulated elastic strain energy in
the combination sample reaches a certain extent, the coal,
which has a much smaller elastic modulus than the rock,
undergoes instability failure due as it reaches the limit of
its bearing capacity. Then, the rock part of the combination
sample exhibits the passive unloading phenomenon, the
stress and strain of the rock decrease, and the rock releases
the stored elastic strain energy into the system. This part of
the energy acts on the coal, aggravating the damage to the
coal and increasing the degree of crushing. The coal part
undergoes instability failure under the joint actions of the
energy accumulated in the coal itself and the elastic strain
energy transferred to the coal during the passive unloading
of the rock part.

Based on the stress—strain curves of the rock part and the
overall combination sample of the coal-rock combination
sample structure under uniaxial compression until its failure
(Figure 11), the following energy values are obtained: the
energy accumulated before the peak of the corresponding
combination sample (E, ), the energy consumed by the failure
of the combination sample (E,), the elastic energy accumu-
lated by the rock part during uniaxial compression (U), and
the elastic strain energy transferred to the coal during the
passive unloading of the rock part (U,), as shown in the
following equation:

ode = SOBI Vcombination >

E 1= VcombinationJ
OBI

EZ = VcombinationJ ode= SBIKE Vcombination’
BIKE
(18)
U= VrockJ ode = SOAH Vrock’
OAH

Ul = VrockJ ode = SNAD Vrock’
NAD
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FIGURE 11: The stress—strain curves of the rock part and the overall combination sample of the coal-rock combination sample structure under

uniaxial compression until its failure.

TaBLE 3: The calculation results of each research index.

No. U, () U()) E, () U,/U Average U,/U U/(E,-U+Uy)) Average U,/(E, - U+ U,)
All 0.30537 1.16180 8.53295 26.28% 3.98%

Al2 0.28221 1.09508 7.72440 25.77% 26% 4.08% 4.0%
A13 0.27632 1.08330 7.70085 25.51% 4.01%

A21 0.32342 1.15003 8.64285 28.12% 4.14%

A22 0.32146 1.21675 8.63108 26.42% 28% 4.16% 4.1%
A23 0.34893 1.17358 9.44748 29.73% 4.05%

A3l 0.52988 1.31488 11.51988 40.30% 4.94%

A32 0.54558 1.37375 12.17143 39.71% 40% 4.81% 4.9%
A33 0.50240 1.25993 11.00178 39.88% 4.90%

B11 0.54558 1.31488 12.06545 41.49% 4.83%

B12 0.53380 1.33843 11.85350 39.88% 41% 4.83% 4.8%
B13 0.54165 1.29918 12.20675 41.69% 4.73%

B21 0.79599 1.77567 10.86754 44.83% 8.05%

B22 0.81483 1.73799 10.99314 46.88% 46% 8.09% 8.1%
B23 0.79128 1.74742 10.74508 45.28% 8.08%

B31 1.10429 2.09867 9.65715 52.62% 12.75%

B32 1.182794 2.15624 10.18043186 54.85% 53% 12.85% 12.4%
B33 1.03625 2.04634 9.89786 50.64% 11.66%

where § is the corresponding area under the stress-strain
curve and V is the volume of the corresponding structure.

To describe the energy characteristics and transfer pat-
terns, including their relationships with the failure state and
failure severity, of the different combination samples during
failure, the following indicators are proposed:

(1) U, intuitively reflects the influence of the elastic
strain energy of the rock on the instability failure of
the coal

(2) U,/U reflects the difference in the ability of the rock
parts of the different combination samples to release
elastic strain energy

(3) U,/(E; = U + U,) reflects the proportion of the energy

contributed by the elastic strain energy released by the
rock during the failure of the coal-rock combination

The indicators were calculated based on Figure 10 and
Equation (18), and the specific results are shown in Table 3.
The following can be seen from Table 3:

(1) During the failure process of the coal-rock combina-

tion, the greater the stored elastic strain energy
released into the system by the rock (U,), the higher
the crushing degree of the coal after the failure of the
combination structure. For the coal-rock combina-
tion samples of different lithologies, the greater the
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FIGURE 12: The particle size statistics of the crushed coal samples after the failure of the different lithology combination structures.

strength of the roof rock, the greater the stored elastic
strain energy released into the system by the rock. For
the coal-rock combination samples with different
height ratios, the smaller the coal-rock height ratio,
the greater the stored elastic strain energy released
into the system by the rock

For the different combination specimens, the stored
elastic strain energy released into the system by the
rock accounts for a large proportion of the energy
accumulated in the rock = (U1/U), reaching 26% to
53%, whereas this part of the energy contributes a rel-
atively small amount to the energy during the failure
of the coal-rock combination (U,/(E, - U + U,)),
only accounting for approximately 4% to 12.4%. Dur-
ing the failure process of the coal-rock combination,
as the strength of the roof rock increased, U,/U
increased, whereas the change in U,/(E, - U + U))
was not significant. As the coal-rock height ratio
decreased, U,/U increased, and U,/(E, -U+U,)
increased significantly. This indicates that, relative
to the strength of the roof rock of the coal-rock com-
bination, the coal-rock height ratio of the coal-rock
combination plays a greater role in the failure of the
coal-rock combination.

5.2. Test of the Crushing Degree of the Coal Sample. The com-
pression failure of the combination samples under uniaxial
conditions was a process involving energy accumulation,
transfer, and release. To analyze the patterns of energy trans-
fer and release during this process, it is necessary to study the
crushing degree of the coal after failure. In essence, the crush-
ing of the combination sample is a process in which, under
the combined actions of the energy accumulated in the sam-
ple and the elastic strain energy released by the upper rock
part, the coal is crushed into smaller pieces, creating new
surfaces that separate the pieces from the original body.
Therefore, there is an inevitable relationship between the

sum of the elastic strain energy released by the rock and the
energy accumulated in the coal (i.e., the crushing energy)
and the new surface [42]. By analyzing the particle distribu-
tion of the crushed coal samples after the failure of the differ-
ent combination samples and the crushing degree of the
different combination samples, the newly added surface areas
of the different combination samples were calculated and the
relationship between the newly added surface area and the
crushing energy was obtained. The particle size statistics of
the crushed coal samples after the failure of the different
combination structures were determined, and the typical
results are shown in Figure 12. From the particle size and
microscopic morphology, it can be seen that most of the
broken coal-like particles are close to spherical or ellipsoidal,
with only a few irregular shapes.

According to the new surface theory [43, 44], the coal
crushing energy was all used to create new surfaces, the area
of which was generated by the crushed coal:

6m

_ 19
o (19)

New —

where Sy.,, is the newly added surface area of the crushed
coal, m is the mass of the coal, p is the density of the coal,
and d; is the converted diameter of the coal.

The newly added surface area of the different combi-
nation samples was calculated by Equation (19), as shown
in Table 4.

As can be seen from Table 4, for the different coal-rock
combination samples tested in the experiments, the mass of
the crushed coal sample was relatively small, accounting for
less than 5% of the total coal in the combination sample.
The newly added surface areas of the different combination
samples, which were provided by the crushed coal, reflect
the crushing conditions of the samples. The larger the newly
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TaBLE 4: The newly added surface area of the different combination samples.
No. Coal weight ~ Crushed coal weight ~ Crushed coal weight/coal weight =~ Converted diameter Newly added s211rface area
() (®) (%) (mm) (mm”)
All 127.0 6.3 4.96 1.6976 346813.148
Al2 127.1 53 4.16 1.5867 371053.129
Al3 127.8 6.1 4.77 1.5487 380157.551
A21 126.4 52 4.11 1.0826 543829.669
A22 126.4 4.8 3.79 1.1287 521617.790
A23 126.3 4.7 3.72 0.9828 599053.724
A3l 126.2 4.6 3.64 0.8277 711308.445
A32 126.7 43 3.39 0.8177 720007.338
A33 126.3 4.1 3.24 0.7719 762728.333
B11 127.3 5.1 4.00 0.7828 752107.818
B12 127.4 4.9 3.84 0.7961 739542.771
B13 127.2 5.0 3.93 0.7840 750956.633
B21 101.6 4.8 4.72 0.6019 782522.014
B22 99.2 4.6 4.63 0.5979 787757.150
B23 100.3 4.7 4.68 0.5778 815160.955
B31 82.8 4.1 4.95 0.4423 878532.670
B32 80.1 3.8 4.74 0.4379 887360.128
B33 79.9 3.4 4.25 0.4308 901984.680
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FIGURE 13: The relationship between Sy.,, and U, of the different lithology combination structures.

added surface area, the higher the crushing degree of the coal,
that is, the more severe the degree of instability failure.

To further illustrate the aggravating effect of the rock
elastic energy on the failure of the coal, the newly added
surface area was selected as the research object, and for the
coal-rock combinations with different roof lithologies, the
relationship between the newly added surface area and the
stored elastic strain energy released into the system by the
rock (U,) was analyzed. The energy characteristics of the
combination samples during instability failure under uniaxial
conditions were analyzed from the perspective of coal crush-
ing, as shown in Figure 13.

Figure 13 shows that as the rock strength of the coal-rock
combination increased, the U, increased, which increased
the crushing degree of the sample, leading to an increase in
Snew Of the crushed coal. Furthermore, there is a logarithmic

relationship between the two, and the fitting relationship is
Sxew = 537808 In (U,) + 1087600.

6. Conclusions

(1) Based on the analysis of the mechanical behaviors
of the combination structures under uniaxial condi-
tions, the relationship between the value of the
critical equilibrium conditions of the sample
(mgE,S,/l, —m.E,S,/l,) and the theoretical peak
failure point value 0 is proposed and verified using
experimental data. If the value is less than 0, the
sample has undergone instability failure. If the value
is greater than 0, the sample has not reached the limit
state. If the value is 0, the sample is in a state of limit



Geofluids

equilibrium, and an increase in the external load will
cause the sample to undergo instability failure

(2) The combination samples underwent instability fail-
ure under the combined actions of the external load
and the rocK’s elastic energy. The stored elastic strain
energy that was released into the combination sample
system by the rock (U,) accounts for approximately
26% to 53% of the energy accumulated by the rock,
and the proportion of energy contributed to the failure
of the coal-rock combination (U,/(E, - U + U,)) is
approximately 4% to 12.4%. The values of these two
energies are greater for the combination samples with
different height ratios than for the combination
samples with different lithologies

(3) The crushing degree of the coal characterizes the
severity of the instability failure of the combination
sample. The failure severity of the combination sam-
ple and the crushing degree of the coal are related to
the ability of the rock in the sample to release the
stored elastic strain energy into the combination
sample system (U,). The larger the U, value, the
larger the increased surface area generated by the coal
after the failure of the combination sample, and the
more severely the coal is crushed, which leads to a
higher degree of sample failure. Moreover, the stored
elastic strain energy that is released into the combina-
tion sample system by the rock is logarithmically
related to the increase in surface area
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