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Abstract

The coal mining process is affected by various water sources such as groundwater and coal seam water injection. Under-
standing the dynamic mechanical parameters of water-immersed coal is helpful for coalmine safe production. The impact
compression tests were performed on coal with different moisture contents by using the ¢50 mm Split Hopkinson Pressure
Bar (SHPB) experimental system, and the dynamic characteristics and energy loss laws of water-immersed coal with different
compositions and water contents were analyzed. Through analysis and discussion, it is found that: (1) When the moisture
content of the coal sample is 0%, 30%, 60%, the stress, strain rate and energy first increase and then decrease with time. (2)
When the moisture content of the coal sample increases from 30% to 60%, the stress “plateau” of the coal sample becomes
more obvious, resulting in an increase in the compressive stress stage and a decrease in the expansion stress stage. (3) The
increase of moisture content of the coal sample will affect its impact deformation and failure mode. When the moisture con-
tent is 60%, the incident rod end and the transmission rod end of the coal sample will have obvious compression failure, and
the middle part of the coal sample will also experience expansion and deformation. (4) The coal composition ratio suitable
for the coal immersion softening impact experiment is optimized.

Keywords Coal immersion softening - Dynamic compressive response - Split Hopkinson pressure bar - Softening
mechanism model

1 Introduction

With the development of coal mining industry, the depth of
coal mining continues to increase, and the dynamic disas-
ters in coal mines are increasingly serious (Fan et al. 2019).
Understanding the dynamic mechanical parameters of coal
rock is of great significance for preventing and reducing
the occurrence of disasters (Lin and Zhou 1986). Coal is a
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porous, inhomogeneous and discontinuous medium com-
posed of multiple mineral components. When the under-
ground water level in the mining area rises, the coal is
immersed in the water, and the free water penetrates into
the pores and fissures of the coal. This promotes the expan-
sion and connection of pores and fissures, changes the water
content and permeability of coal and rock mass, and reduces
or even destroys the bearing capacity and strength of coal
(Wang et al. 2020; Lama and Bodziony 1998).

In order to develop laboratory coal samples with prop-
erties consistent with raw coal under complex geological
conditions, a large number of researchers have studied the
composition, production process, and mechanical properties
of the formed coal samples. Denggao et al. (2005) investi-
gated the influence of coal particle size on briquette through
the change of particle size before and after the forming of
pulverized coal and the forming of raw materials with differ-
ent particle sizes, but the influence of moisture on pulverized
coal particles during the forming process is not discussed
in depth. Xu et al. (2010), Yu et al. (2017) and Wolf and
Bruining (2007) pointed out the non-linear relationship
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between the strength, permeability, and pore distribution
of coal briquette and the composition and particle size of
pulverized coal, which provided a more suitable pulverized
coal ratio scheme for the study of water-immersion soften-
ing of coal. Zhao et al. (2020) studied the effects of mois-
ture ratio, coal particle size, and gas adsorption pressure
on isothermal adsorption, and found that moisture could
inhibit gas adsorption in coal. Xu et al. (2010) discussed
the relationship between pulverized coal particles and pore
structure, and pointed out that the smaller the particle size
of the briquette, the smaller the pore radius in the briquette.
The above-mentioned researchers have studied the influence
of the coal body's own components and external factors on
its strength, deformation and other characteristics, and have
carried out a discussion of the effect of moisture on the coal
body's adsorption characteristics. However, further research
is needed on coal water-immersion softening.

Therefore, some researchers have studied the influence
of moisture on the mechanical properties of coal rock mass
(Liu et al. 2021; Kim et al. 2021; Wang et al. 2019). Erguler
and Ulusay (2009) quantified the influence of water con-
tent on the mechanical properties of rocks and proposed
a calculation model for the relationship between moisture
content and rock strength. Wang et al. (2018) and Bo-bo
et al. (2021) showed that moisture had a significant effect
on the deformation of coal samples, and derived a piecewise
statistical constitutive model for coal damage considering
moisture content. Xiao et al. (2018) established the corre-
sponding relationship between the impact tendency of coal
samples with different moisture contents and their acoustic
emission signals. Jiang et al. (2016) pointed out that with
the increase of the moisture content, the loading and unload-
ing damage of coal samples increased, and the load-bearing
strength and residual strength showed a downward trend.
Yin et al. (2012), Pan et al. (2010) and Perera et al. (2011)
explored the mechanism of the effect of water saturation
on the deformation and strength of coal, and found that the
water in the coal extended to the tip of the crack through
dissolution, thereby promoting crack propagation. Qin et al.
(2012) carried out the acoustic emission characteristic test
of coal with different moisture contents, and clarified the
softening effect of moisture on the mechanical properties
of coal (Woo and Kim 2016). Zhang et al. (2020) pointed
out that the softening and blocking effects of water made
free gas have an inhibitory effect on the deformation of soft
coal. Kim and Oliveira (2015) studied the dynamic mechani-
cal properties of sandstone at different water saturations.
Those researchers discussed the influence of moisture on
the mechanical properties of coal, and established a coal
damage model considering moisture content. However, in
most of the coal stress methods, steady gradient loading is
adopted, and there are few studies on the softening effect of
water invasion under dynamic load.
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The above researchers mainly studied the influence of
coal composition and moisture content on the mechanical
properties of coal under low stress loading rate. However,
in the actual production activities of coal mining opera-
tions, the influence of dynamic factors such as mechanical
shock and rock fracture on coal destruction is more compli-
cated (Saleh et al. 2018). Daryadel et al. (2015), Zhu et al.
(2009), Mishra et al. (2019), Doner et al. (2019) analyzed the
dynamic mechanical properties of the Split Hopkinson Pres-
sure Bar (SHPB) (Roth et al. 2015) on concrete specimens.
Ai et al. (2020) studied the crack propagation and dynamic
mechanical properties of coal, and found that the bedding
direction has a great influence on the dynamic compres-
sive strength, strain rate and strain energy of coal. Yin et al.
(2020) tested the strain and energy dissipation characteris-
tics of gas-bearing coal in the SHPB test by changing the
gas pressure and static load. Hao et al. (2020) examined the
effect of loading rate on the dynamic compressive strength
and crack growth of coal samples. Kong et al. (2020, 2021a,
2021b) pointed out that under different confining pres-
sures, gas pressures and impact loads, the failure strength
and failure strain of coal samples increased linearly with
the strain rate. Zhao et al. (2014) explored the correlation
between different bedding directions and dynamic tensile
strength, and found that bedding roughness and discontinu-
ity, impact speed, etc. would affect the dynamic mechanical
properties of coal. Feng et al. (2020, 2016) reported that
the axial fracture of the coal sample was directly caused by
the incident compressive stress wave, while the transverse
fracture was caused by the reflected tensile stress wave of
the coal sample and the transmission rod. Fan et al. (2020),
Chengwu et al. (2016) comparatively analyzed the dynamic
mechanical characteristics, destruction process and energy
dissipation law of explosive coal and anti-explosive coal.
Wang et al. (2010) suggested that under impact load, the
dynamic strength of saturated sandstone should include the
influence of its free water viscosity and Stefan effect. Liu
et al. (2012) found that coal rock mainly exhibited axial
splitting failure at low strain rate and crush failure at high
strain rate. Chengwu et al. (2012) decomposed the meas-
ured SHPB test signal of coal impact damage by using the
empirical mode decomposition method. Compared with
metal and rock specimens, water-soaked coal samples have
lower strengths making it more difficult to obtain effective
impact data. However, strong dynamic impact specimens
commonly exist in underground coalmines, and thus relevant
research can be carried out.

In summary, (1) Some researchers have pointed out that
there is a nonlinear relationship between the strength of bri-
quette and the particle size of pulverized coal, and that mois-
ture will increase its complexity. (2) Other researchers have
studied in detail the effect of moisture on the mechanical
properties of coal under low stress loading rate. (3) However,
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there is a lack of research on the softening mechanism of
coal under high stress loading rate and there are few stud-
ies on the damage form of water-flooded coal under impact
load although impact load in coalmines is a relatively com-
mon dynamic form. Therefore, in order to find a suitable
laboratory sample to replace the raw coal specimen wet-
ted by water injection, the impact load of the coal sample
is analyzed through the SHPB dynamic impact test in this
paper. Starting from the composition and moisture content
of the coal sample, the damage characteristics of the coal
sample under impact load are analyzed and optimized, which
is more in line with the coal seam type and the standard coal-
blending scheme based on rock mechanics. This lays the
experimental material foundation for revealing the mecha-
nism of coal seam water injection.

2 Design of dynamic mechanical test
of water immersed coal

2.1 Split Hopkinson pressure bar test system

As shown in Fig. 1, the SHPB test apparatus includes a pres-
sure bar, ultra-high dynamic strain gauges, an oscilloscope
and a data acquisition system. The strut is 50 mm in diam-
eter, and the bullet, strut, and absorption rod are made of the
same material. The elastic modulus is 206 MPa, the density
1s 7850 kg/m3, the bullet length is 500 mm, the incident and
projection rod length is 3000 mm, and the wave velocity is
7143 m/s. The principle of the SHPB test is as follows. At
different impact velocities, the punch acts on the incident

rod, generating stress waves on the incident rod. After the
stress waves contact the sample, reflected waves and incident
waves are generated on the incident rod and transmission
rod, respectively, and the data acquisition system records the
data of the strain gauges on each compression bar.

2.2 Composition ratio of coal sample for immersion
experiment

The pulverized coal was taken from the N2808 working face
of the No. 8 anthracite coal seam of Yuyang Coal Mine of
Chongqing Songzao Coal and Electricity Co., Ltd. The spe-
cific parameters of the coal mass are shown in Table 1.

In order to study the relationship between the immersion
softening mechanism and mechanical parameters of coal,
coal samples with different mechanical properties are pre-
pared by configuring different coal sample components in
this paper (Table 2). Cement, sand, activated carbon, and

Table 1 Industrial analysis parameters of pulverized coal

Parameter Value
Volatile content (%) 9.87-10.97
Ash content (%) 11.53-19.13
Moisture content (%) 0.56-2.55
True density (g/cm?) 1.50-1.53
Apparent density (g/cm?) 1.34-1.38
Robustness coefficient 0.21-0.38
Uniaxial peak strength (MPa) Less than 1
Coal failure type Class III-V
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Fig. 1 Split Hopkinson pressure bar test apparatus. a Photo of SHPB apparatus; b Schematic diagram of SHPB apparatus
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Table 2 Composition of prepared coal samples

Composition ratio Cement

Sand

Water

Activated carbon

Coal powder

scheme (425 ordinary Port-  (ordinary river sand, parti-  (pure water) (granular, (particle size 20—40
land cement) cle size 20—40 mesh) @2.6 mm X 5.6 mm) mesh, 40-80 mesh, ratio
1:1)
1 4.0 35 8.25 0.88 83.37
2 5.0 6.0 7.75 0.7 80.55
3 6.0 2.5 6.50 0.90 84.10
4 7.0 5.5 8.50 0.84 78.16
5 8.0 2.0 7.25 0.78 81.97

coal powder of different particle sizes are used to prepare
coal samples with relatively uniform pore and fissure struc-
tures compared with that of the raw coal (Doner et al. 2019).

2.3 Preparation of water-immersed coal samples
for dynamic mechanics test

In order to study the mechanism of coal immersion soften-
ing, and to make the effect of immersion softening more
obvious, three immersion schemes with a large gradient
are designed: dry coal sample, coal sample with a moisture
content of 30% and coal sample with a moisture content of
60%. In order to eliminate the influence of residual moisture
in the production process, the coal samples in Sect. 2.1 are
first dried, and then the coal samples to be immersed are
weighed. During the immersion process, the water does not
need to be pressurized, that is, the coal sample is immersed
in a water container. According to the moisture absorp-
tion capacity of the coal sample, a certain amount of water
is absorbed to reach the moisture content required by the
experiment. Finally, the soaked coal samples are wrapped
in plastic wrap and put into the storage box ready for the
SHPB test.

3 Experiment process and result analysis
3.1 Experiment process and results

This test is mainly to study the influence of coal composition
and water immersion on the softening mechanism of coal.
Therefore, each type of water-bearing coal sample consists
of 5 groups of coal samples with different components, and
each group of 3 coal samples is subjected to repeated tests.
After the SHPB test is conducted on the coal samples with
different moisture contents, the stress, strain, and strain rate
of the samples are calculated by the “dual wave method”
(Larbi et al. 2015). Through data processing, the changes in
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the stress, strain, strain rate and energy of the coal samples
over time are obtained (Al-salloum et al. 2015).

2C

£,(t) = —Ker(t)
e(t) = —%C { e, (ndr (1)
o(t) = %E&r

where C is the elastic wave velocity, E is the elastic modulus,
A is the cross-sectional area of the compression bar, [, is the
length of the test sample, A is the cross-sectional area of
the test sample, ¢, is the measured strain from the reflected
waves, o is the measured stress.

Figure 2 shows the stress, strain and energy dissipation
of the dry coal sample within 180 us. In this Fig., the stress,
strain rate and energy dissipation of the coal sample first
increase and then decrease with time while the strain almost
always increases. Figure 2a shows the change of coal sample
stress with time, where the negative stress is defined as the
compressive stress, and the positive stress as the expansion
stress. At first, the stress increases with time. After reach-
ing the turning point, it begins to decrease and becomes the
failure stress. Figure 2b shows the variation of coal sample
strain with time. For the Nos. 3 and 5 coal samples, the
strain first increases slowly, then rapidly, and finally slowly.
However, this change is not obvious for other coal samples.
Figure 2c shows the change of the strain rate of the coal
sample with time. Compared with the staged change of stress
and strain, the staged change of strain rate is more obvious.
However, due to the influence of the coal sample composi-
tion, the turning points between the stages are different. Fig-
ure 2d shows the temporal variation of the energy dissipation
of the coal sample throughout the entire destruction process.
Combined with Fig. 2b, it can be seen that the coal sample
consumes a lot of energy during the large deformation stage.

Figure 3 shows the stress, strain and energy dissipation of
the coal sample with a water content of 30%. Compared with
the change rule of the dry coal sample, the characteristic
rule of the four parameters of the coal sample is more obvi-
ous. From the overall analysis, the effect of coal immersion
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Fig.2 Dynamic mechanical characteristics of coal with a water content of 0%. a Variation of stress with impact time; b Variation of strain with
impact time; ¢ Variation of strain rate with impact time; d Variation of energy dissipation with impact time

is regular, especially the evolution of the strain of the coal
sample over time (Kong et al. 2020). In Fig. 3a, a “plateau”
appears for the Nos. 1, 2, and 3 coal samples after the expan-
sion stress is generated in the coal samples, that is, the rate
of increase of stress decreases, indicating that the internal
moisture of the coal sample has a certain buffer effect on the
deformation of the coal samples. Figure 3b shows that the
strain of the coal sample has a slow increasing trend before
60 ps owing to the influence of water immersion. After the
subsequent rapid growth, the strains of the 5 coal samples
with different compositions exhibit a slow increasing trend
again (Feng et al. 2020). Figure 3c indicates that the strain
rate change curve of the coal sample with a water content of
30% is similar to that of the dry coal sample. The strain rate

of the coal sample is in a slow increase stage within the first
45 ps, and then enters a rapid increase stage until 130 ps.
Further analysis of the strain rate of the coal sample indi-
cates that the strain rate changes in the slow growth stage,
the rapid growth stage and the rapid decline stage are more
obvious than those of the dry coal sample. This means that
water can promote an increase in the internal deformation of
the coal sample. Figure 3d shows the energy dissipation dur-
ing the entire destruction process of the coal sample. Com-
pared with the energy dissipation of the dry coal sample,
the slow growth stage of energy dissipation takes longer. In
addition, the rapid growth stages of the No. 5 coal samples
with a water content of 30% are relatively regular, indicating
that water can activate the coal samples to absorb energy.
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Fig.3 Dynamic mechanical characteristics of coal with a water content of 30%. a Variation of stress with impact time; b Variation of strain with
impact time; ¢ Variation of strain rate with impact time; d Variation of energy dissipation with impact time

Figure 4 shows the variation of stress, strain and energy
dissipation over time when the moisture content of the coal
sample increases to 60%. As indicated in Fig. 3a and Fig. 4a,
when the water content of the coal sample increases from
30% to 60%, the stress “plateau” of the coal sample dis-
appears, the compressive stress stage becomes longer, and
the expansion stress stage becomes shorter. In addition, the
failure stress stage is also significantly shortened. By com-
parison of Figs. 3b and 4b, it is found that with the increase
of the water content, the first slow increasing stage of the
strain becomes longer, and the rapid increasing stage does
not change much, but the second slow increasing stage dis-
appears. Figure 4c shows a more obvious stage variation and
the variation patterns of the five coal samples are also more
uniform. From the change of strain rate with time alone, the
effect of water immersion on the coal samples with a water
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content of 60% is more obvious than that on the coal samples
with a water content of 0% and 30%. Figure 4d shows the
energy dissipation curve of coal sample destruction. When
the water content increases to 60%, the first slow increas-
ing stage of energy dissipation becomes longer, and the
rapid increasing stage and the second slow increasing stage
become shorter, indicating that the energy consumed during
the destruction process of the coal mass is reduced after the
coal mass is immersed in water.
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Fig. 4 Dynamic mechanical characteristics of coal with a water content of 60%. a Variation of stress with impact time; b Variation of strain with
impact time; ¢ Variation of strain rate with impact time; d Variation of energy dissipation with impact time

3.2 Analysis of test results

3.2.1 Analysis of immersion softening mechanism of coal
mass on microscopic scale

According to classic damage mechanics, the Drucker-Prager
failure criterion has the advantages of simple parameter form
and wide application in rock materials. When the rock is
damaged by a three-dimensional stress, the strength of each
component is (Majedi et al. 2021):

%k * *
I} =0} + 0] + 0

b=t (or=03)" = (o

@

-03) = (o3 - o7)’]

Under the condition of triaxial stress, ai*(i= 1, 2, 3)
(Wang et al. 2018), when there is no fluid inside the rock,

1

the triaxial stress forms an effective stress, and thus the cor-
responding strain gi*(i= 1, 2, 3) (Jacquelin et al. 2017) is
generated. According to Hooke's Law:

z 3)

£ = 2 (0] — noy — poy)
where p is the Poisson's ratio of the rock, E is the initial
elastic modulus, and ¢, is the axial strain of the rock.

Then the effective damage stress of the rock is (Butt and

Xue 2014):

oy =0,/(1-D), (i=1,2,3) “)

where D is the statistical damage variable.
The statistical damage variable D is defined as follows:
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p=la

=N )
where N is the number of micro-units that the rock can be
divided into, and N, is the number of damaged micro-units
in the rock.

Assuming that the micro-units obey the Weibull distribu-
tion, the density function of the number of damaged micro-
units in the rock is:

P(F,) = ﬂ(ﬂ)e[‘(%)m] ©)

Fo \Fy

where F; and m are the Weibull distribution parameters,
and F| is the strength variable of the rock micro-unit at the
first failure point.

Then the damage of dF| extends to the inside of the rock.
At this time, the failure interval of the rock is (F, F,+dF)),
and the number of damaged micro-units inside the rock is
NP(x), that is, the total number of damaged micro-units in
the stressed rock is:

F, Fl m
N(F) = /NP(x)dx:N{l —exp[—(ﬁ—,) ]} @)
0

0

After Eq. (7) is substituted into Eq. (6), the damage vari-
able D of the rock can be obtained (Ai et al. 2020):

peten (7)) | ®

Therefore, by substituting Eq. (4) into Eq. (3), we can
obtain:

E(1 = D) ®

& =

Combining Eq. (9) and Eq. (4), we get:

o,E¢, .
[ =——,((=1,2,3) (10)
6| — U0y — UO3

When the coal mass is immersed in water, the water
moves in the fissure structure of the coal mass in the form
of laminar flow, and performs capillary or diffusion move-
ment in the smaller pores. Therefore, capillary force or self-
suction force is introduced into the water-immersed coal
mass. Assuming that water produces capillary force inside
the pores of the coal sample and surface tension on the sur-
face of the water, the force of water will exist in the form of
“liquid bridge force”. This means that when moisture con-
denses in the pores between the pulverized coal particles,
the moisture and the particles form a common micro-unit
force body. With more and more water in the pores, the
thickness of the water film between the particles increases,
and the resulting liquid bridge force also increases, thereby
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increasing the cohesive force between the pulverized coal
particles. However, there is a certain upper limit for the self-
suction of the pores. When the water film increases to a cer-
tain thickness, the change in this cohesive force decreases.
From a microscopic point of view, there are many influenc-
ing factors, such as the viscosity coefficient of the liquid and
the distance between the pulverized coal particles. In the
case of an infinitesimal body, the liquid bridge force inside
the infinitesimal body is simplified to:

Ow = Oyl + Ow2 (11)

where o, is the liquid bridge force in the micro-unit body,
o,, 1s the static liquid bridge force in the micro-unit body,
and o,,,, is the dynamic liquid bridge force in the micro-unit
body.

The expressions of the two liquid bridge forces are (Bari-
ani et al. 2011):

_ 2 1 1
{Gwl zw mpr((p+m> 12
Owr = EJ‘ceRv
where ¢ is the distance between the pulverized coal parti-
cles, w is the contact angle between the pulverized coal par-
ticles and water, and v is the viscosity coefficient of water.

The dimensionless tension parameter C, is usually used
to measure the ratio of the dynamic liquid bridge force to the
static liquid bridge force:

HpVy

G, , (13)

Assuming that the temperature is 20 ‘C. At this tem-
perature, the surface tension coefficient y of water is
0.07275 N/m, the viscosity coefficient y; is 1.01 X 10° N s/
m?, and the maximum value of the relative velocity between
particles v, is 2.084 m/s. In this paper, only the capillary
force, i.e., the static liquid bridge force, is considered in the
calculation of the liquid bridge force. Therefore, assuming
that the adhesion force between pulverized coal particles and
water is the liquid bridge force, the calculation equation is:
O-W

- = 27:07 cos Qp (14)

where o, is the surface tension of water, and Hp is the contact
angle between coal particles and water.

The calculation equation of the liquid bridge force is fur-
ther transformed into:

oy, 2‘.rr,0'y cos GP

@~ (1+HJ/2d) as)

where a is the radius of the pulverized coal particle, H is
the length of the liquid bridge or the distance between two
pulverized coal particles, and d is the immersion height of



Water-immersion softening mechanism of coal rock mass based on split Hopkinson pressure bar...

Page90of13 61

the liquid bridge or the height of the pulverized coal particle
that can be wrapped by water to remove the surface tension.

3.2.2 Analysis of macroscopic strength failure based
on microscopic coal immersion softening

Combined with the strength analysis of the rock micro-unit
body, the macro-strength criterion of the unimmersed coal
sample is derived as follows. Using the Lemaitre equivalent
strain principle, we obtain:

o =Ee (1 -D)+ u(o, +03) (16)

Substituting Eq. (8) into Eq. (16), we get (Merle and Zhao
2006):

F m
0'=E£1p[—<l71> ]+;4(0'2+63) A7)

0

After further substituting into Eq. (2) and simplifying, we
have (Tuazon et al. 2014):

_ o1toy+to;
I]

- 0| —HOy—HO3 ) ) ) (]8)
_ 1 0|—0 0)—0; 03—C
_e[< 11—D2> +< l—D;> +< ;—DI> ]

It is assumed that 0, =0, =0, that is, the coal sample is
subjected to uniaxial stress. At this time, without consider-
ing the influence of water, we obtain the strength damage
model of the coal sample (Al-salloum et al. 2015):

N

I, = E¢, (19)

[ ] stable growth zone
[ Rapid growth zone

Slow growth zone

When the immersed coal sample is under uniaxial com-
pression, its strength damage model is:

F m
o=epl-(2)] .
] = ortHoy
'™ o1-uo,

J, = é[(Eel)z]

L

(20)

It can also be expressed as:

-

6,086,
(1+H/2d)

F m
o= Eem[—(;{‘)) ] + 2mpa
_ 4npac, cosd,
Vhi=1+ oy(1+H /2d)-2mpac, cos §, 2D

1, = t|(Ee))|

L

Figure 5 shows the transformation relationship between
compressive stress, expansion stress and failure stress of
the coal samples with different water contents. When the
water content of the coal sample increases from 0% to 60%,
the failure stress stage of the five coal samples decreases
while the expansion stress stage increases. However, there
is no uniform relationship between changes in the compres-
sive stress stage. This means that after the coal sample is
immersed in water, the water inside the coal sample helps to
increase the expansion stress stage of the coal sample. For
the Nos. 2 and 5 coal samples, the above-mentioned change
characteristics are particularly obvious. From the analysis
of coal sample composition, in the No.2 coal sample the
proportion of activated carbon is 0.7% and the proportion
of pulverized coal is 80.55%, while in the No.5 coal sample
the proportion of activated carbon is 0.78% and the propor-
tion of pulverized coal is 81.97%. The two compositions of
the two coal samples are similar to those of the other coal
samples.

] Stable growth zone [ Stable growth zone
[ ] Rapid growth zone [ ] Rapid growth zone

Slow growth zone Slow growth zone
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Fig.5 Effect of moisture content of coal samples on transformation of stress properties
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As the moisture increases from 0% to 30%, the coal par-
ticles are gradually wetted by the moisture. Owing to the
gradual agglomeration of the wet coal particles, the cohesion
between the pore and fissure structures of the coal mass is
enhanced, thereby improving the compressive strength of
the briquette to a certain extent. When the moisture content
of the coal sample is 60%, the pulverized coal particles are
gradually surrounded by moisture. As a result, the cohesion
is reduced, and the compressive strength of the coal sample
may also be reduced. The above impact compression test
shows that the compressive strength of coal samples and
the overall proportion of different stages are closely related
to moisture. In addition, the ratio of activated carbon to pul-
verized coal has an important influence on the compressive
stress, expansion stress and failure stress of coal samples.
The greater the ratio of activated carbon to pulverized coal,
the more obvious the transformation of the three stresses,
as shown in Fig. 5.

Figure 6 shows the impact failure modes of the coal sam-
ples with different moisture contents. It can be clearly seen
that when the water content is 0%, 30% and 60%, the Nos.
1-5 coal samples all undergo longitudinal compression fail-
ure. And from one end of the incident rod, obvious cracks
are generated, until the coal sample is completely destroyed.
However, when the moisture content of the coal sample
increases, the coal sample is impacted by the incident rod,
the middle part of the coal sample begins to expand and
deform, and one end of the transmission rod also begins to
break. The failure mode changes from damage on one side
to damage on both sides.

According to the theoretical analysis of microscopic coal
mass water soaking softening, when the amount of moisture

2# 30%

1# 60% 2# 60% 3# 60%

added to the dry coal particles reaches a reasonable range,
the pulverized coal particles and water combine with each
other, thereby promoting the agglomeration of coal particles
and increasing the overall cohesive force of the coal (Jiang
et al. 2016). When pulverized coal particles are subjected
to an impact force, greater force is required to separate the
particles. The above is the process of converting the mac-
roscopic impact force of the coal mass into the microscopic
separation force of the pulverized coal particles. When
the amount of water added to dry coal particles exceeds a
reasonable range, the volume of the liquid bridge formed
between particles increases. However, the volume of the
pore structure between the particles is ultimately limited,
and thus more moisture will gradually wrap around the par-
ticles, allowing the liquid to penetrate. This process reduces
the cohesive force between particles. If the coal sample is
subjected to an external impact load, instability and dam-
age are more likely to occur. From the energy consumption
analysis of the coal samples with different moisture contents,
the microscopic liquid bridging force between particles and
water can reflect the macroscopic failure mode of the coal
samples.

Through theoretical and experimental analysis, the water
softening degree of the coal sample is affected by the com-
position of the coal sample, especially the components of
cement and activated carbon in the coal sample. The greater
the proportion of the cement component in the coal sample,
the more obvious the softening degree of the coal sample,
and the smaller the influence of the activated carbon compo-
nent. Therefore, the microscopic effect of moisture on coal
samples can be reflected from the macroscopic point of the
experiment.

5#30% ™

5# 60%

4# 60%

Fig.6 Effect of coal sample immersion on transformation of stress properties
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Fig.7 Strain rate variation of three coal samples with different moisture contents

Figure 7 shows the strain rate variation of the coal sam-
ples with three different moisture contents and five compo-
sitions. In Fig. 7, the strain rates of the Nos. 1 and 5 coal
samples are used as reference values, and there is no obvious
change and uniformity change in the rapid growth stage.
From the overall analysis, with the increase of the water
content, the slow growth stage increases while the stable
growth stage decreases. Especially when the water content
of the coal sample is 60%, there is no stable growth stage
for the Nos. 3 and 4 coal samples. From the analysis of coal
sample composition, the proportions of coal particles and
sand in the Nos. 1 and 5 coal samples are the same, but the
cement component gradually increases. Therefore, when the
moisture content of the coal sample is high, the deformation
of the coal sample is affected.

From the energy analysis of the coal sample, the energy
change of the coal sample during the entire destruction pro-
cess is obvious, which mostly occurs after 50 ps. In the early
stage, there is a process of energy accumulation. After the
coal sample is destroyed, the energy decreases rapidly. This
experiment shows that reasonable moisture can promote
the agglomeration of dry coal particles. When the moisture
exceeds certain content, the agglomeration effect of moisture
on coal particles is weakened.

In summary, the composition ratios of the Nos. 3 and 4
coal samples are not suitable for water immersion experi-
ments of high water content coal. In the case of three water
contents, the slow growth stage of the No. 1 coal sample is
relatively long, and thus the No. 1 coal sample is used for the
coal immersion softening experiment because of its optimal
composition ratio.

4 Conclusions

In this paper, the SHPB experiments were carried out on
five coal samples with three different moisture contents,
and the dynamic characteristics and energy dissipation of

water-immersed coal with different compositions and water
contents were analyzed. After analysis and discussion, the
following conclusions are drawn:

(1) When the moisture content of the coal sample is 0%,
30%, 60%, the stress, strain rate, and energy dissipa-
tion of the coal sample first increase and then decrease
with time, while the strain of the coal sample almost
increases all the time with slow growth stages and rapid
growth stages.

When the water content of the coal sample increases
from 30% to 60%, the stress “plateau” of the coal sam-
ple becomes more obvious, the rate of stress increase
decreases, the compressive stress stage increases, and
the expansion stress stage decreases.

The increase of water content of coal will affect the
impact deformation and failure mode of coal. When the
water content is 0% and 30%, the coal sample under-
goes compression deformation and destruction from
one end of the incident rod; but when the water content
is 60%, the middle part of the coal sample is expanded
and deformed.

The optimal coal composition ratio for this impact
experiment of coal immersion softening is: “No. 425
Ordinary Portland Cement: 4%, River sand (20-40
mesh): 3.5%, Water: 8.25%, Granular activated car-
bon @2.6 mm X 5.6 mm: 0.88%, Coal powder (20-40,
40-80 mesh ratio 1:1): 83.37%”.
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