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Abstract

Deep mining is faced with severe rock dynamic problems. Coal bears high-strength static load in the deep and is prone to impact
under the influence of dynamic load disturbance such as roof breaking. The true triaxial Hopkinson pressure bar system is used to
conduct dynamic load impact tests on coal specimens under different triaxial prestressing forces to simulate the bearing charac-
teristics of coal under different engineering conditions. The results show that the dynamic mechanical characteristics of coal are
confinement-dependent under the same dynamic load, and the energy transmission of each component are significantly different,
which is obviously different from that under static load; Furthermore, the influence range of intermediate principal stress on
dynamic characteristics of coal specimen is 6~8 MPa. Based on the failure characteristics, the enhancement of the intermediate
principal stress will increase the integrity and the internal damage of a coal specimen after failure; It should be noted that the strain
signals obtained in the Y/Z axis direction are mainly the response to the triaxial prestress, and the stress wave of coal specimen is
mainly influenced in the impact direction. In underground coal mining, by changing the triaxial prestressed state of coal, the
buffering effect of stress wave is improved, and the damage of coal caused by the impact is reduced.
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Introduction

Deep coal mining is in a three-dimensional stress environment
of static-dynamic stress coupling loads owing to the influence
of high crustal stress and strong mining disturbance, which
compared with shallow mining (Qiao et al. 2014; Xie et al.
2019a, b; Ye et al. 2018; Zhang and Zhao 2014a). The defor-
mation of coal seam can largely offset the influence of high
static stress and dynamic impact, but the rapid deformation
and accompanying energy instantaneous release of coal seam
easily cause dynamic disasters such as coal bump (Zhao et al.

Responsible Editor: Zeynal Abiddin Erguler

P4 Wen Wang
211802010014 @home.hpu.edu.cn

School of Energy Science and Engineering, Henan Polytechnic
University, Jiaozuo 454003, China

State Collaborative Innovation Center of Coal Work Safety and
Clean-efficiency Utilization, Jiaozuo 454003, China

Department of Civil Engineering, Monash University,
Melbourne, VIC 3800, Australia

2017, 2018a, b), which mechanical mechanism belongs to
dynamic category (Li et al. 2008; Hokka et al. 2016).
However, it should point that the present research on the coal
dynamic behavior is limited to the uniaxial and conventional
triaxial dynamic impact experiments by using SHPB, or the
dynamic disturbance experiment in one direction with triaxial
pressure is carried out by using the true triaxial equipment (Du
et al. 2016; Gu et al. 2018, 2019). Nevertheless, these inves-
tigations cannot describe the complex environment of three-
dimensional static-dynamic combination loads, which drives
us to carry out mechanical experimental research with dynam-
ic and triaxial static stress. Therefore, it is of great significance
to reveal the dynamic impact and catastrophe mechanism of
the coal seam in the procedure of deep mining

The failure process of coal and rock is a nontransient re-
sponse at a finite rate. Strain rate is often used as the
distinguishing criterion in rock tests (Ju et al. 2019; Zhang
and Zhao 2013a). It is generally considered that the strain rate
in underground engineering activities is in the range of
10%~10%s "' (Grady and Kipp 1979), and the dynamic proper-
ties of the rock are usually measured by various SHPB devices
and some other deformation equipment. The experimental
technology of Hopkinson pressure bar has been developed
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for more than 100 years, the experimental materials extend to
polymers, composites, rocks, concrete, and foams, and the
experimental methods are the uniaxial dynamic loads, uniaxial
static-dynamic combination loading, and triaxial confining
pre-stress static-dynamic combination loading (Hu et al.
2014). Furthermore, a true triaxial Hopkinson bar system
had developed, which can realize the multiaxial compression,
tension, and shear tests (Liu et al. 2019, 2020; Xu et al. 2020).

Joints widely exist in natural rock mass such as coal, sand-
stone, and limestone (Li and Ma 2009; Li et al. 2019), and the
mechanical behavior of coal is similar to that of other rocks,
such as quasi-static mechanical properties and dynamic re-
sponse of the sandstone and limestone (Zhu et al. 2019;
Zhang and Zhao 2013b; Zhou et al. 2018; Zou et al. 2016).
However, there are lots of cracks in the coal that have poor
compactness (Feng et al. 2014), the uniaxial and triaxial static
test showed that the bearing capacity of the coal seam is poor
in the occurrence environment, and it is easy to deform and
destroyed under the action of high stress (Wang et al. 2016).
Also, the crack initiation and propagation toughness of coal,
roof, and floor increase with the increase of loading rate and
crack speed under static and dynamic combined load,
resulting in the surface small pieces being ejected (Zhang
and Zhao 2014b). The quasi-static triaxial compressive exper-
iment of coal specimen shows that the strength increases with
the increase of confining pressure prestress what confines the
lateral deformation so that increases the elastic deformation
range, the triaxial strength of coal increases with the increase
of strain rate (Wang et al. 2016). Furthermore, the coal seam
bearing the triaxial pre-stress will lose its stability under dy-
namic disturbance, which will destroy the original stress en-
vironment. Therefore, the coal seam will lose its stability rap-
idly under the static-dynamic coupled loading, which has a
severe impact on the working space of underground mining
activities. In addition, the dynamic strength of coal specimens
under triaxial static-dynamic coupled loads is higher than that
under uniaxial static-dynamic coupled loads, and the defor-
mation and failure characteristics were also different (Wang
et al. 2018, 2019a, b). The mechanical behaviors of the coal
specimen under different loading are different in both static
and dynamic tests. Therefore, it is of great significance to
know the dynamic behavior of the coal specimen under the
triaxial pre-stress and understand the bearing characteristics of
the coal seam in a deep occurrence environment.

Based on the structural characteristics of rock, the de-
formation and failure processes are extremely complex
and uncertain (Xie et al. 2011; Chen and Wang 2013).
However, the dynamic or static strength of rock is essen-
tially the energy variation, energy release is the internal
logic of coal and rock failure suddenly in the micro-level.
Also, the coal seam is in a dynamic equilibrium of energy
in the original stress environment and equivalent swaps
the energy exerted by the outside all long. When the
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energy exerted by the outside is greater than the coal-
bearing capacity, the coal unit will break through the de-
formation limit to release the energy of static energy and
dynamic energy to the outside rapidly. From the view-
point of microscopic, the stress wave destroying coal
seam is the development of internal fracture, and at the
macro level is the micro-cracks throughout each other, to
local fracture and eventually to integral collapse (Xie
et al. 2008). The dynamic disturbance of stress wave pre-
cipitates the internal structure damage of coal seam aggra-
vated, the cracks expansion and instability failure in mac-
ro-level, which shows the energy transfer laws in the pro-
cess of impact, bearing, and instability in micro-level.

Therefore, based on the references, the mechanical be-
haviors of coal were included the quasi-static uniaxial and
triaxial compression, and dynamic-static uniaxial and con-
ventional triaxial, and there were no reports to introduce
the dynamic behaviors of coal under true triaxial prestress.
Thus, in this experimental study, the influences of the tri-
axial pre-stress on the dynamic behaviors of coal speci-
mens are analyzed by changing the intermediate principal
stress with the same impact velocity and explain the test
data. The variation characteristics of dynamic stress-strain
curves and energy—time curves under different pre-stress
states are analyzed and the response signal in the Y/Z-
axis direction and failure characteristics of coal specimens
are discussed. And the function of time and prestress in the
process of coal seam crack formation is expounded. This
study enriches the dynamic behaviors of coal under differ-
ent pre-stress states and experimental equipment and pro-
vides the theoretical and technical basis of the pressure
bump control in underground mining engineering.

Experimental procedures
Specimen preparation

The coal specimens were extracted from the same coal seam
without visible geological discontinuities in Henan, China.
The standard cubic specimen is 52x52x52 mm® with elabo-
rate preparation. The specimens with better integrity and ho-
mogeneity are selected to meet the requirements of the static-
dynamic combined loading experiment (Zhou et al. 2012).

The environment is humidity in the coal mine underground,
to simulate the underground environment, the selected coal
specimens were placed on the platform in the sealed tank with
water, the temperature and humidity in the sealed tank were
kept at 25°C and the relative humidity was 60%~70%. Also,
the weight of coal specimens was measured before and after
treatment. The results show that the water content of the coal
specimen is in the range of 1.47%~1.53%, with an average of
1.52%.
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True triaxial Hopkinson bar system

The true triaxial Hopkinson pressure bar system developed at
Monash University, which was used for this experimental
study, can achieve the true triaxial pre-stress state and conduct
for dynamic multiaxial of rocks, concrete, and coal (shown in
Fig. 1)(Liu et al. 2019). At end of the X-axis direction, it is
equipped with an impact energy buffer device, which is used
to absorb the energy transmitted, and avoid the transmission
energy reflect to affect the experiment results and cause dam-
age to the equipment. In addition, the dynamic loads can be
applied by launching a striker bar in the gas gun.

In this experiment, the specimen is not completely closed
with the triaxial pre-stress loads. The collision and friction of
the bars on the two intersecting dimensions are caused by the
specimen deformation, which leads to the responder signal
collected on the strain gage disordered and affects the test
results. Therefore, the standard cubic specimen is 52x52x52
mm?®, which is 2 mm longer than the section side of the bar.
The bars will be deformed due to the inevitable collision and
friction between the contact surface of bars and specimen,
there are metal gaskets between bars and specimen surface,
which size and material are the same as those of the bars to
diminish the error in the test process. Besides, the petrolatum
was used to minimize the friction to reduce the influence of
the end effect. In the process of impact loading, the dynamic
response and damage evolution of the cubic coal specimen in
six surfaces can be processed by the strain signal on each
loading bar in the triaxial direction.

Experimental scheme

Coal is a kind of rock, nevertheless, its mechanical properties
are quite different. In this study, the dynamic loads were ap-
plied by the gas pressure, which is 0.8 MPa. In addition, the
pre-stress is 4.68%~45.11% of the peak uniaxial compressive

Fig. 1 True triaxial Hopkinson
pressure bar system (Liu et al.
2019)

strength that was applied to the coal specimen before the dy-
namic loading. The uniaxial compressive test results can be
seen in Fig. 2.

Therefore, in the experimental scheme, the pre-stress in the
X and Z-axis are 8 MPa and 6 MPa, respectively, and the pre-
stress in the Y-axis are 2, 4, 6, 8, and 10 MPa, respectively.
The strain rate of the experiment system was controlled in a
small fluctuation range to reduce the error during the test.

Date interpretation
Stress wave propagation

According to the Hopkinson bar system, the dynamic applied
by the preset air pressure to push the bullet to impact the
incident bar, and the energy in the incident bar is transmitted
to the specimen in the form of the wave, which is transferred
to the contact surface and occur transmission and reflection. In
the triaxial Hopkinson experiment system, not only is the en-
ergy transmitted to the specimen but also reflected the incident
bar. The energy transferred from the specimen can be divided
into two parts, one is to absorb by the specimen to failure, the
other is to transmit and reflect along the transmitted bar and
four output confined bars (shown in Fig. 3). The energy values
during the experiment can be calculated by the strain signal
collected on the six bars.

Calculation methods

The basic principle of the triaxial Hopkinson pressure bar is
based on the “one-dimensional stress wave hypothesis in the
bar” and “stress/strain homogenization hypothesis of speci-
men”, which deems that the error between amplitude and time
of stress wave is less than 3%. In other words, the cross-
section of the bar could keep the plane state, and the stress
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Fig. 2 Stress-strain curves of quasi-static uniaxial compressive test

equilibrium is well achieved of the square bar. Along the
impact direction, the voltage signal obtained in the triaxial
Hopkinson bar test was interpreted by the theory of the elastic
one-dimensional stress wave propagation (Kolsky 1949,
1953). According to the “stress/strain homogenization hy-
pothesis of specimen” (i.e., €,,(f) + €,.(f) = £,(¢)), the average
stress o, strain €, and strain rate ¢ can be determined with the
equations (Xu et al. 2020):

Pl(l) +P2(l) - EpAp E A,

ox(t) = T4 oA [ein(t) + &re(t) +n()] = ngzr(t) (1)
5‘(1‘) = w = %[Ein(t)_fre(t)_etr(t)] = _214&5%’(") (2)

e(t) = loet)dr = %Lf lein (1) =ere 1) =20 (1)}dt = —2%!5 ee(dt (3)

The subscript ‘in’, ‘re’, and ‘tr’ correspond to the incident,
reflected, and transmitted waves in the impact direction,
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Fig. 3 Stress wave propagation in the triaxial Hopkinson bar (Liu et al.
2019)
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respectively. The stress and strain of the specimen in the Y
and Z direction can be calculated by follows (Yang and Shim
2005):

7(t) = S en(0) + e (0)i =,z )
i) = Hylen ) + enldt i = 2 ©

where o,(t) and £,(t) are the stress and strain of specimen in the
Y and Z directions, respectively.

Based on the energy conservation laws, each component of
energy during the experiment can be determined by:

Ab T 2
E = [,0% (1)dt 6
1 pbcb 0 ln( ) ( )
Ab T
Er = o’ (t)dt 7
R pbcb 0 re( ) ( )
Er = iIng (t)dt,i =x,y,z (8)
i pbcb 0% ’ '

where p,, is the density of the specimen, 0,,(t), 0,.(t), and o,(t)
are the dynamic stress of the incident, reflected, and transmis-
sion waves, respectively; E;, Er, and E7 are the incident,
reflected, and transmission energy, respectively.

The specimen was loaded in the elastic stage by the pre-
stress in this experiment, which always in an equilibrium state
so that the kinetic energy and nonmechanical energy have no
change, and the external stress working is completely turned
into the deformation potential energy of the specimen and
stored in the specimen. In addition, one part of the dynamic
stress is used to absorb to destroy the specimen, and the other
part of which is transmitted and reflected. The deformation
density w; of the specimen applied on axial pre-stress can be
calculated by:

wy = |ode; = fgai(t)dei(t), i=x,92 9)

where o; is the axial pressure on a point of triaxial direction of
the specimen; de; is the deformation of the specimen under
axial pressure at a point in the triaxial direction. The strain
energy E of the specimen under the axial pre-stress can be
considered as the closed area formed by the total stress-
strain curve and the strain axis in the uniaxial compressive
experiment results, which can be calculated by:

E; = Vow, ( 10)

According to the uniaxial compressive test results (shown
in Fig. 2), the static energy of the coal specimens under pre-
stress loads of 2, 4, 6, 8, and 10 MPa are 0.51, 1.75, 3.65, 6.22,
and 9.53 J, respectively.

In the analysis of the test results, the effective section sides
of the specimen are the loaded sizes, and the influence of the
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redundant sizes on the test results is not considered. Therefore,
it is considered as the reaction of the energy absorption and
release of what fell off from the specimen edge. The energy
generated by the specimen that the part on the axial or edge is
ignored.

In the true triaxial Hopkinson bar system, the pre-stress
applied in the axial direction is equilibrium on both ends of
the specimen, so it is simplified to the plane problem that the
microelements of the specimen are scaled in the triaxial direc-
tion. Therefore, the energy losses of the specimen deformation
caused by the tangential stress are not considered during the
calculation, only the energy absorbed, transmitted, and release
in the process of impacts are considered.

The amount of incident energy and use less energy dissi-
pation can be calculated by:

Eintoral = Vsws + Ef

(11)
(12)
And the amount of absorption energy of the specimen used

to failure in the true triaxial static-dynamic coupled loading
experiment can be calculated by:

Euut—total = ER + ET,-ai =X,),Z

E a = E in—total —E out—total
= (Vswy + Er)—(Eg + Eri)
£ A T
= VSJOldEl + b J.U?n(l‘)dl
0 PpCh 0
Ab T T

A
A () dt—2-[ 2 (1)dt,i =
prb(J; rell) Pbe(J;Utr"() RN

From the above formula, the absorbed energy of the spec-
imen increases with the incident energy increasing under the
energy of impacts with the constant pre-stress, and the
absorbed energy increases along with the pre-stress increasing
while the impact energy is constant. Considering the lithology
and sizes of the coal specimen, it will failure rapidly with a
larger dynamic load, and the energy release to the axial direc-
tion and edge part, which result in experiment error.
Therefore, the energy absorbed by the coal specimen failure
will show a decreasing trend while the axial pre-stress in-
creases to a certain value.

Loading paths

Based on the experimental plan, the specimen was placed in
the loading cell, which is right at the intersection point of the
axis of six bars, and the specimen is subjected to a desired
triaxial pre-stress condition by the hydraulic cylinders, then
the dynamic loading applied by the striker bar on the front end
of the incident bar. During the test, the loading path of static
and dynamic stress can be seen from Fig. 4, and the loading
rate is ~10* GPal/s, such as the stress state is o;>0,>03
(t;>t,>13), the prestress in three-axis were loaded at the same

time and reach to the corresponding values in turns, and then
the dynamic loading (#4) is applied after pre-stress load stabi-
lization until coal specimen failure.

Calculation example

In the SHPB test, all the pre-stresses and impacts are compres-
sive, the deformation characteristics of the coal specimen were
compressive and failure, so the compression was defined as
positive in this study. Figure 5a showed the stress signals in
the X direction with the pre-stress state of (8, 2, and 6) MPa.
The incident wave applied on the coal specimen what con-
fined by the triaxial pre-stress forms impact compression, a
part of the impact pulse returns along the incident bar, it means
that the stress applied on the specimen becomes tensile so that
the calculation result is negative based on the electrical signal
obtained by the incident bar strain gage, and the stress baseline
value of reflected wave is less than zero indicates that the pre-
stress damage the coal specimen internal structure. Other parts
propagate through the coal specimen along the transmission/
output confined bar and are absorbed by the wedge reaction
device, and the electrical signals are obtained to calculate the
stress. Figure 5b shows that the dynamic pulse propagates
along with the X direction damage the coal specimen micro-
structure, then the generated stress wave propagates along the
Y and Z bars because of the coal specimen’s Poisson effect,
the relation between the dynamic stress and times are calcu-
lated by the equations and signals. During the dynamic loads
applied on the coal specimen, destabilize the static energy so
that the cracks develop greatly and then damaged under the
internal and external energy coupled effect. The stress signals
obtained on the bars are the responses of the specimen damage
and energy transfer. Figure 5c¢ shows the evolution of three
principal stresses (0, 0,, and 03) during the impact. The three
principal stresses initiate from (8, 2, and 6) MPa rise to the
peak values (127.67,22.91, and 29.60) MPa at the moment of
coal specimen breakage. The time of three principal stresses
rise to the peak point were different, which at 132us in Y and
Z direction and at 178ps in X direction. During the impact, the
stress wave propagating in the bar was equilibrium, the triaxial
pre-stress applied on the coal specimen was loading to restrain
the stress wave propagation. The static pre-stresses in the Y
and Z direction (2, 6) MPa were lower than that of the X-axis
direction, the dynamic pulse would break through the static
load limit in the Y and Z direction at first to apply on the Y and
Z direction of the coal specimen and then damaged.

Figure 5d shows the dynamic stress equilibrium check be-
tween both ends of the coal specimen in the X direction in this
study. Based on the theoretical analysis, the value of incident
stress and reflected stress are positive and negative, respec-
tively, and the transmission stress is equal to the sum of the
incident and reflected stresses. The calculation results show
that they are different and float up and down. Coal is a kind of
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Fig. 4 Loading path of the triaxial static-dynamic in this experimental test (Liu et al. 2019)

soft rock; it is easier for coal specimens to accumulate static
energy in the elastic range after applying the triaxial pre-stress.
During the test, the dynamic pulse applied on the specimen
break the balance of the triaxial pre-stress, and coal is easier
deformation to bear the pressure than other hard materials.
And the sum of incident and reflected stresses are sometimes
higher than the transmission stress, the internal cracks of coal
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specimen were compressed by the triaxial pre-stress and resis-
tance to deformation. Besides, the cracks influence the stress
wave to transmit and cause the curves of incident+reflect and
transmission wave to float up and down. In the SHPB test, it is
generally believed that the stress wave satisfied the homoge-
nization assumption in the specimen (Liu et al. 2019). The
coal specimen can satisfy the stress equality between two ends
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in the true triaxial Hopkinson bar and ignore the effect of axial
inertia. In addition, the petrolatum was used to minimize fric-
tion in this experiment.

Test result
Dynamic strength

According to the equations, the voltage signals were convert-
ed into the stress-strain and energy variation information in
three directions (Wang et al. 2019a, 2019b). As the pre-stress
of Y-axis increases, the peak dynamic stress of the coal spec-
imen in the X-axis direction are 127.67, 129.03, 138.10,
126.86, and 126.51 MPa, respectively; The peak dynamic
stress in the Y-axis direction are 22.91, 33.03, 32.51, 35.95,
and 31.69 MPa, respectively; And the peak dynamic stress in
Z-axis direction are 29.60, 33.16, 31.16, 29.84, and 34.56
MPa, respectively.

Figure 6 presents the dynamic stress-strain curves of
coal specimens in three directions at the pre-stress condi-
tion (8, 2, and 6) MPa. In the X-axis, with the o, increas-
ing, the strain of the specimen after failure shows a de-
creasing trend in the whole, and the peak dynamic stress
increases first and then decreases. The peak dynamic
strength increased by 7.03% from 129.03 MPa with triaxial
pre-stress (8, 4, and 6) MPa to 138.10 MPa with (8, 6, and
6) MPa; when the triaxial pre-stress condition is from (8, 6,
and 6) MPa to (8, 8, and 6) MPa, the peak dynamic stress
was decreased by 8.14%, which is from 138.10 to 126.86
MPa. The variation of dynamic stress-strain curves in the
Y and Z are shown similarly. However, it shows a sudden
increase and decreases when the o, is in the range of 4~8
MPa, and the laws have some difference between the Y and
Z direction. Therefore, it can be indicated that the influence
range of the o, on the dynamic stress of the coal specimen
in this experiment is that the o; and o5 are 8 MPa and 6
MPa, respectively, which the confinement state in three
directions close to hydrostatic pressure (o1=0, =03 # 0).
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Energy propagation

To further investigate the influence of the o, on the dynamic
behavior at the micro-level, the energy in the whole impact
test is calculated under different intermediate principal stress
07, and the energy variation laws of coal specimens with time
are obtained in Fig. 6.

Figure 7 presents the variation curves of the energy-time
under different intermediate principal stress o, during the im-
pact. The total energy calculated in the whole experimental
system includes incident and static energy. The static energy is
stored in it in advance and constant loading until coal speci-
men failure, and then unloaded. Form internal damage to in-
stability and failure is the result of static-dynamic coupled
loads, so the baseline of the energy absorption is the static
energy. The o, increased from 2 to 10 MPa, the difference
of energy-time curves is mainly showed in the early stage and
similar in the later stage in the process of impact. The variation
characteristics of the energy-time curves with large difference
parts are magnified and compared, which found that the dif-
ference mainly manifested in the variation characteristics be-
tween the incidents, absorbed and reflected energy with the
different Y-axis pre-stress, it is also the reason why the starting
point of each component energy curves is different.

In the early stage of impact, the reflected energy is lower
than incident energy at the o, is 2, 6, and 10 MPa, the static
energy is the baseline of absorbed energy, the absorbed energy
increases with time, which indicates that the coal specimen is
absorbing energy continuously and accumulating the dynamic
energy, and shows the specimen continuously deforms in its
elastic range. While the o, is 4 and 8 MPa, the absorbed
energy is negative after subtracting the static energy stored
in the specimen, the curves of the reflected energy are closer
to the incident energy than the other three Y-axis pre-stress;
The increasing trend of transmission energy in the X direction
is relatively larger in these two loading states, and the static
energy losses its original equilibrium state owing to the dy-
namic disturbance that makes the coal specimen to release part
of the energy. The relationship of each component energy
shows a similar law under all pre-stress loading conditions
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after the incident energy reaches the peak. Nevertheless, the
difference between the reflected energy and transmitted ener-
gy along the impact direction is decreases gradually with the
Y-axis pre-stress increasing. Although the difference in-
creases with 8 MPa of the Y-axis pre-stress, the difference
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decreases with 10 MPa of the Y-axis pre-stress. In the relative
case, the transmitted energy increases with the reflected ener-
gy decreasing in the impact direction. According to the anal-
ysis, the difference of the energy variation characteristics un-
der the different Y-axis pre-stress in the early or later stage of
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impact is owing to the confinement state of the coal specimen
in triaxial directions.

Transmitted energy in the Y and Z direction

The strain signal in the Y and Z direction were obtained in the
experiment. According to the dynamic strain-stress curves in
the Y and Z direction, it can be seen that the variation of the
curve is different from the strength characteristics, which
shows deformation information and energy release during
coal fracturing. Therefore, the properties of the stress, strain,
and energy calculated by the signal on the output confined
bars in the Y and Z direction during the test of static-
dynamic combination loads, and explain the influence of the
triaxial pre-stress that applied on the specimen.

The dynamic disturbance destroyed the energy equilibrium
during the test. From Fig. 8, the difference between the inci-
dent energy and reflected energy is mainly in the early stage
during impact, which indicates that part of the static energy
transmitted along the incident bar as reflected energy, the
transmitted energy mainly came from the dynamic loads in
the X-direction. Therefore, the energy-time curves in the Y
and Z direction are drawn, compare the energy of Y and Z
direction, and the total static energy to analyze and investigate
the relationship and variation laws under different pre-stress of
the Y-axis direction.

The peak energy of the output confined bars is lower than
the static energy under the different intermediate principal
stress, which is the dynamic response in the directions. In
Fig. 6, the peak value of energy in Y1 is higher than that in
Y2, and the peak value of energy in Z1 is higher than that in
Y?2. The two ends of the same upward specimen are divided
into loading and fixed, the Yland Z1 bars are the loading
ends, and the Y2 and Z2 bars are the fixed ends, which con-
sidered that the stress on both ends is uniform in the loading
process. Newton’s third law said the force is mutual, the fixed
end is subjected to compressive stress at the loading end that
passes through the specimen, and the pre-stress applied on
both ends of the specimen is equal to that placed in the loading
cell, but energy applied by the loading end that can drain
energy, so the peak energy on the loading end is always higher
than that of the fixed end.

As the pre-stress in the Y-axis is gradually higher than that
in the Z-axis, the peak value of energy in the Y-axis is grad-
ually higher than that in the Z-axis, and the peak value of
energy in the Y-axis decreases when the loading state in the
triaxial direction tends to be equal pressure. When the pre-
stress of the Y-axis is 10 MPa, the peak energy of the Y-axis
decreases gradually less than that of the Z-axis and almost
equals, and the peak energy in Z1 and Z2 bars remains un-
changed. During the test, the energy in the Y and Z direction is
always less than the total static energy. The stress wave
destabilized the elastic energy balance of the coal specimen,

which promotes the new and old cracks to develop and influ-
ence the static energy and gradually diffuses to Y and Z direc-
tion. The coal cannot continue to bear the dynamic energy
within the deformation range, a small part of incident energy
propagates to the Y and Z direction along with the static en-
ergy. Therefore, the signal measured on the lateral Y and Z
bars is the feedback to the pre-stress, which shows the internal
dynamic damage and cracks development of the coal
specimen.

The pre-stress of X-axis is the largest in triaxial direction,
the stress wave will easier to break through the static balance
inthe Y and Z direction at first, and the energy of Y and Z-axis
are lower than the transmitted energy of X-axis, so reaches to
peak point earlier than that of the X-axis. The dynamic stress
shows the bearing characteristics of the coal specimen under
the static-dynamic coupled loads, and the dynamic strain
shows the deformation peculiarities in the triaxial direction.
The dynamic stress and strain would decrease after reaching to
peak, which indicates the yield and strain softening of coal
specimen; The dynamic stress decreases and strain increases
after reaching to peak in the Y and Z direction, which shows
the cracks develop to damage and failure in the Y and Z
direction. The dynamic stress reached to peak not means the
energy is maximum, the internal structure was still destroyed
by the stress wave after the coal specimen yield. The differ-
ence in size between the coal specimen and bars caused the
kinetic energy loss is ignored, the incident energy has direc-
tionality and divergence along the impact direction, and has
the weakening peculiarities after acting on the specimen.
Therefore, the stress state of the coal seam can be improved
to balance in the triaxial direction in the underground coal
mining, increase its deformation performance and bear capac-
ity to form a buffer effect, reduce the destruction of the coal
seam caused by pressure bump.

Failure modes

The characteristics of the energy changing with time are the
description of instability failure at the microscopic level. The
development and propagation of surface cracks are the mac-
roscopic failures that the stress wave applied to the micro-
structure of the coal specimen. The failure modes after the test
are used to analyze the difference under different confinement
states, which shows in Fig. 7.

According to the loading path, the microstructure variation
is divided into two parts, one is the compression effect of static
loads on the internal cracks; the other is the dynamic load
applied by the cylindrical striker. The cracks’ development
and failure modes of the coal specimen after the test reflect
the dynamic failure characteristics with the triaxial pre-stress.
According to Fig. 9, the integrity of coal specimen after the
dynamic test is gradually improved with the intermediate prin-
cipal stress increasing, the reason why the coal specimen
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Fig. 8 The energy-time curve of the coal specimens in the Y/Z-axis direction with dynamic load (0.8MPa) in different static load condition. a (8, 2, and
6) MPa; b (8, 4, and 6) MPa; ¢ (8, 6, and 6) MPa; d (8, 8, and 6) MPa; e (8, 10, and 6) MPa

instability and failure are that the fractures of each surface are
connected to form macro fracture zones. When the intermedi-
ate principal stress is 2MPa, the fractures appeared on the coal
specimen, which is parallel to the o, and o3, and perpendicular
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to the oy (impact direction), it breaks into two parts along the
Y and Z direction; There are many slight through cracks in the
specimen, which develop along the impact direction and lead
to structural instability. Combined with the energy transfer
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characteristics of coal specimen (shown in Fig. 7), it is found
that the energy absorbed by the dynamic loads is mainly used
for damaging the internal structure in the early stage, and
formed a macro fracture surface perpendicular to the impact
direction. And the pre-stresses in the Y/Z axis (2, 6) MPa were
lower than that of X-axis direction (8§ MPa), the restless energy
would break through the static load limit in the Y/Z axis at first,
and the absorbed energy was used for the cracks developing,
and the dynamic behaviors were different in different periods,
which results in the phenomenon in Fig. 7. The edge structure
of the specimen is seriously damaged and the integrity is poor
while the intermediate principal stress increases to 4 MPa.
And the surface cracks show central divergence and approxi-
mately parallel to the triaxial direction. Part of the structure is
comminuted and obviously spallation, but still has integrity
(shown in Fig. 9a). From the fracture surface, the development
of the crack and interfingering are the main reasons for the
coal specimen’s lack of integrity. The coal specimen still
maintains the integrity structure while the o, is 6 MPa and
only the corner part is missing. The maximum angle between
cracks and impact direction is 56° (top view from vertical Z
direction), the cracks are developed in parallel and
interfingering and connected with each other on the adjacent
interaction surface. When the o, is 8 MPa, the maximum
angle between cracks and impact direction is 32° (top view
from vertical Z direction). The macro penetrating cracks are
developed on the active surface in the Y-axis direction, and
the interface between specimen and incident bar is seriously
damaged with the obvious development of the micro cracks.
The integrity of the specimen is relatively complete, and there
are few micro-cracks on the surface and more through cracks
between adjacent surfaces (shown in Fig. 9¢). When the o, is
10 MPa, the maximum angle between cracks and impact di-
rection is 100° (top view from vertical Z direction). The cracks
parallel to the impact direction exist in the edge area, which
belongs to the late formation. There is a damaged fracture
zone parallel to the Y-axis in the middle of the surface, which
is connected with the adjacent surface.

Therefore, the failure degree of the coal specimen is divid-
ed by the Y-axis pre-stress of 6 MPa. When lower than 6 MPa,

g,=4

P A N 4

;=6

(@ (b)

03=6

the specimen will be seriously damaged with the intermediate
principal stress increasing, the original integrity cannot be
maintained, and the internal cracks were developed through-
out and crisscross and damaged the structure larger. When
between 6 MPa and 10 MPa, the coal specimen could main-
tain the integrity, the main structural failure mode is a shear
fracture, and the formed the angle between shear fracture and
impact direction; the angle tends to decrease when 6 MPa< o,
<8 MPa; and the angle tends to increase when 8 MPa< ¢, <10
MPa, and it can be clearly observed the fracture pattern with
‘V’ type. The changing trend of the angle between the shear
fracture surface and the impact direction is closely related to
the triaxial pre-stress state and dynamic loads. As the interme-
diate principal stress increases, the coal specimen can gradu-
ally maintain integrity. The triaxial pre-stress changes gradient
will make more serious damage on the coal specimen (shown
in Fig. 9a), the triaxial pre-stress close to hydrostatic pressure
will be easier to bear the impact and maintain its integrity
(shown in Fig. 9b, ¢), and when the o, is higher than the o,
and o3, the coal specimen will be more likely to form internal
damage and lose the stability.

Discussion

Coal is a kind of porous medium, which compactness is lower
than that of sandstone and limestone. There are a lot of frac-
tures and pores in the coal, which takes a long time to com-
pressive the fractures in the uniaxial static test; The pre-stress
is often required to be in the elastic range of coal specimen
under the static-dynamic combination loads, although it is
inevitable to compact the fractures in a certain extent, it does
not cause damage to the internal structures of the coal speci-
mens, nevertheless, the joints and fissures in coal specimen
affect the stress wave propagation (Zou et al. 2019). From the
dynamic stress-strain curves in the triaxial direction and the
energy-time curves with different confinement states, the dif-
ference with other test results or regular variation is usually the
triaxial pre-stress tend to balance (8, 8, and 6) MPa, or be-
comes gradient (8, 4, and 6) MPa. However, the cracks in the

5,=8 0,=10
2’ > ’
W 4 o

6
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Fig.9 Failure modes of the specimens with dynamic load (0.8MPa) in different static load condition. a (8, 2, and 6) MPa; b (8, 4, and 6) MPa; ¢ (8, 6, and

6) MPa; d (8, 8, and 6); e (8, 10, and 6)
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coal specimen have experienced the stage of steady compres-
sion, rapid propagation, and transfixion of each other with the
Y-axis pre-stress increasing. The internal cracks of coal spec-
imens are gradually compacted in the elastic range by chang-
ing the intermediate principal stress o, the lateral deformation
is limited by the triaxial pre-stress, and makes the dynamic
strength increases gradually, the dynamic strength of coal
sample increases with the o, increasing. The influence of stat-
ic load on the dynamic strength of coal samples is mainly in
the elastic range, which is similar to the confining pressure.
When the triaxial pre-stress increases to expansion and dam-
age, the fractures increase, and dynamic strength decreases.

In this experiment, the specimens were treated to simulate
the underground environment, and the water content of the
specimen was in the range of 1.47%~1.53% after the treat-
ment. Furthermore, the water is attached to the surface of coal
in the form of molecules, which affect the failure characteris-
tics of the coal specimen. Therefore, the force between the
water molecule and coal grain molecule should be considered,
the mechanical modes can be seen in Fig. 10.

The interaction force has existed between the grains, they
are the attractive force and repulsive force. Therefore, the
attractive force and repulsive force between the water mole-
cules, and between the water molecule and coal grain can be
expressed by

ey, * €c

fW*C :m (14)
e
fW*W - m (15)

0273

1o

Fig. 10 Mechanical modes between molecules of water and coal grain
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where f,, is the attractive force between the water molecules
and coal grain, f,,._,, is the attractive force between the water
molecules; fw—c) is the repulsive force between the water
molecules and coal grain, fy—, is the repulsive force between
the water molecules; ey, and e, are the charges of the ions, R
and r are the radius of the coal grain and water molecules, d is
the distance between the adjacent water molecules, and b is
the proportional constant. Based on the mechanical character-
istics in Fig. 10, the compressive strength o, and tensile
strength o of the water molecule and coal grains can be
expressed:

Oc = (Ul + O'd)COSSO + Ow—c (18)
o, = (02/3 + Uwfw)cose (19)

where @ is the stress action angle, 6 is the contact angle, oy,
is the superimposed stress of the attractive force and repulsive
force between the water molecule and coal grain, and o is
superimposed stress of the attractive force and repulsive force
between the adjacent water molecules. In addition, the setting
compressive strength of the molecules is o, and the tensile
strength of the molecules is oy, the coal specimen failure
means the o.>0; and o, >0y;. Also, the values of the o, and
o, are determined the direction of the cracks, in other words,
the main reason for the different propagation characteristics of
the fractures (shown in Fig. 9) is that the different triaxial
prestress.

Based on the dynamic stress-strain curves, it can be
found that although the coal specimen also experienced
the compaction stage in the early impact, the process is
short-lived, and then the coal specimens showed the phe-
nomenon of resistance to the dynamic loads (Li et al. 2016).
There were no new cracks after compaction and showed
resist failure with small deformation, we call it the support
stage. Then, the coal specimen is generated a new fractures
under the stress wave and expand stably, in order to bear the
dynamic loads without damage, the coal specimen begins to
deform as a whole, the deformation is used to buffer the
stress wave to slow down the failure, that is, the elastic
stage. With the stress wave gradually acting on the coal
specimen, the internal fractures expand rapidly and the
number of it begins to increase sharply, the deformation
of the coal specimen can no longer bear the stress wave;
The primary fractures reappeared and run through new
cracks, internal cracks suffered irreversible damage and
gradually lost its strength effect, which entered the yield
stage and reached the peak dynamic stress that can be car-
ried. After the impact test, although the specimen could
keep the original shape, the internal structure has been dam-
aged and unstable, which only showed the integrity on the
macro level. Although the coal specimen was a failure, it
still had residual strength even though the internal structure
has suffered damage, which is the strain-softening stage.
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The energy-time curves are also corresponding to the dynam-
ic stress-strain curves. The variation of the absorbed energy in the
early stage of impact shows the characteristics of crack compac-
tion and deformation resistance; the absorbed energy increased
gradually with the time going, which is mainly used for the
formation of new cracks and reemergence of the primary cracks
in the coal. When the absorbed energy and transmitted energy
along the impact direction increased steadily and the growth
trend of reflected energy gradually slowed down, it shows that
the old and new fractures in the specimen penetrated under the
static-dynamic coupled loads, causing damage to the internal
structure and losing the original strength effect. When the inci-
dent energy reached the peak value and no longer increased, the
absorbed energy decreased, the reflected energy increased again
and the transmitted energy tended to be stable gradually, the
sample has been damaged, the energy that damage the coal spec-
imen reflected along the incident bar owing to the triaxial pre-
stress. In addition, according to the Griffith theory, when the
effective stress at the crack tip reaches the energy that forms a
new crack, the original cracks would be developed, and then the
rock/coal failure.

The dynamic behavior is sensitive to the confinement con-
dition of triaxial pre-stress in this experimental study. Based
on the change laws of the peak dynamic stress in the impact
direction, it shows that the triaxial pre-stress restrains the de-
velopment of the crack, therefore, it is helpful to increase the
dynamic strength by applying appropriate triaxial pre-stress.
The energy variation with time reflected the behavior charac-
teristics of the microstructure, the reaction of coal specimen to
energy is different with different loading states, which mainly
in the early stage of impact. It is easier to reflect the energy
when the triaxial pre-stress close to the 0. Also, the signals in
the Y and Z direction are the response to the triaxial pre-stress,
including the deformation information and cracks develop-
ment and energy release during coal specimen fracturing,
and the failure mode is also restrained by the confinement
what shows different failure degrees.

Conclusions

The dynamic behaviors of coal under the triaxial pre-stress
were studied by using the true triaxial SHPB system.
However, this study was only the preliminary exploration
for the dynamic behaviors of coal specimens under the true
triaxial static loads, the prestress in the Y-axis was only
changed to investigate the influence of triaxial prestress state
on the dynamic behaviors of coal specimens. Therefore, there
are many factors considered in our further works, such as
water content and the direction of cleats. According to the
strain signal obtained by the strain gages in this experimental
system, the dynamic stress-strain curve in the triaxial direction

and the energy-time values and curves were calculated and
drawn. The variation characteristics of the dynamic behavior
for the coal specimens were analyzed and discussed. The main
conclusions are as following:

The coal specimen can satisfy the stress equality between
two ends in the true triaxial Hopkinson bar and ignore the
effect of axial inertia. In this experiment, the influence range
of the o, on dynamic strength is 6~8 MPa, which is close to
the hydrostatic pressure loading state. Based on the dynamic
stress-strain curves, although the dynamic strength is depen-
dent on confinements, it has a great difference from the results
of the conventional triaxial SHPB test, and the specimen re-
sists the deformation after cracks compaction in the early im-
pact stage, called the support stage.

The absorbed energy of the coal specimen includes static
energy, the static energy formed elastic energy that stored in
the specimen. The change laws of the energy-time curves
show the difference is mainly in the early stage of impact.
The strain signal in the Y and Z direction is the dynamic
response of the triaxial pre-stress, provides the deformation,
damage, fracture, and energy variation information, which is
similar to the transmitted energy in the X-direction. The
energy-time curves, dynamic stress-strain curves, and failure
modes have corresponded, energy variation is the dynamic
bearing characteristics of coal specimen in the microstructure.

The instability and failure of coal specimens are the macro
manifestations of crack development and energy variation.
With the intermediate principal stress increasing, the coal
specimen can gradually maintain a complete shape after fail-
ure. Also, the failure is mainly caused by the shear force, and
the cracks connect each other between the adjacent surfaces.
The “V’ type of fracture pattern is observed, and the failure
modes dependent on the triaxial confinement state. Also, the
triaxial pre-stress changes gradient will make more serious
damage, and the triaxial pre-stress close to hydrostatic pres-
sure will be easier to bear the impact and maintain the com-
plete shape after failure, based on the distribution of the cracks
on the failure surface, the internal structure has great damage.

Considering the force between the water molecule and coal
grain molecule, there are two kinds of force between the mol-
ecules, which include attractive force and repulsive force.
Also, based on the mechanical analysis, there are the compres-
sive strength o, and tensile strength o, on the particle, the
distance between the particles decreases under the prestress
loads, which affect the includes attractive force and repulsive
force. Therefore, the tensile strength o, increases with the pre-
stress increasing in the Y-axis, this is also the main reason for
the different angles and lengths of the cracks after the test.
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