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Abstract The mechanical characteristics of coal
reservoirs are important parameters in the hydraulic
fracturing of coal. In this study, coal samples of different
ranks were collected from 12 coal mines located in
Xinjiang and Shanxi, China. The coal ranks were identified
with by the increased Maximum vitrine reflectance (R, ...)
value. The triaxial compression experiments were
performed to determine the confining pressure effect on
the mechanical properties of coal samples of different
ranks. The numerical approaches, including the power
function, arctangent, and exponential function models,
were used to find the correlation between coal elastic
modulus and the confining pressure. The fitting equations
of compressive strength and elastic modulus of coal ranks
were constructed under different confining pressures. The
results showed that the coal compressive strength of
different ranks has a positive linear correlation with the
confining pressure. The coal elastic modulus and confining
pressure showed an exponential function. Poisson’s ratio
of coal and confining pressure show negative logarithmic
function. The stress sensitivity of the coal elastic modulus
decreases with the increase of confining pressure. The
coalification jump identifies that the compressive strength,
elastic modulus, and stress sensitivity coefficient of coal
have a polynomial relationship with the increase of coal
ranks. The inflection points in coalification at R, .. =
0.70%, 1.30%, and 2.40%, are the first, second, and third
coalification jumps. These findings provide significant
support to coal fracturing during CBM production.
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1 Introduction

Coal reservoirs in China generally have characteristics of
low porosity and low permeability, and a fracture
network is usually developed in coal seams through
hydraulic fracturing for the Coalbed Methane (CBM)
recovery (Su et al., 2004; Liu et al., 2018; Li et al., 2021).
The elastic modulus, Poisson’s ratio, and compressive
strength are important mechanical parameters to measure
the deformation and failure characteristics of coal
reservoirs during the fracturing process. The elastic
modulus measures the rigidity or stiffness of the coal
under a given strain. The Poisson’s ratio is dimensionless
and measures the deformation of coal under applied
stress. The compressive strength measures the ability of
the coal under the maximum applied strain that coal can
sustain without fracture (Peng et al., 2009; Xiong et al.,
2014; Pereraetal., 2016; Meszaros et al., 2017). The
deeply buried seams and evolution of coal significantly
affect the mechanical properties of the coal (Pan et al.,
2013; Jiang et al., 2016; Zhang et al., 2019a). The
mechanical parameters are also influenced by the physical
and chemical properties of the coal under the confining
pressure during the coalification jump process and
provide theoretical guidance for the formulation of
fracturing schemes for reservoirs of different coal ranks.
Triaxial mechanics experiment is a standard method to
analyze the mechanical properties of coal and rock in the
laboratory. Scholars have conducted many experimental
studies (Masoudian et al., 2014; Yao et al., 2015; Hobbs,
1960). Previously reported studies showed a positive
linear correlation between the compressive strength of the
coal and the confining pressure, whereas the elastic
modulus has a nonlinear relationship with the confining
pressure (Gentzis et al., 2007; Hobbs, 1960; Zhang et al.,
2020a). Hobbs (2009) conducts triaxial compression
experiments on coals of different ranks and found that the
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elastic modulus tends to be stable when the confining
pressure exceeds 7 MPa. On the other hand, Masoudian
et al. (2014) believes that the confining pressure closes
the fractures in the coal and alters coal compression
process; as a result, the elastic modulus of the coal sample
shows different trends with the confining pressure.
Gentzis et al. (2007) found that the slopes of the elastic
modulus-confining pressure curves of six bituminous coal
samples decreased, and the elastic modulus of the coal
changes in stages with the increase in confining pressure.
According to Yu et al. (1993), coal elastic modulus has a
nonlinear relationship with the confining pressure, and
elastic modulus tends to be stable with the confining pres-
sure. According to You (2003), coal structure is elastic
and has weak planes. The elastic modulus increases with
the confining pressure, and weak planes in the coal
become closed. The coal becomes completely elastic with
the further increase in the confining pressure, and the
elastic modulus does not change anymore.

Pan et al. (2013) and Zhang et al. (2020a) reported that
compressive strength and elastic modulus vary signifi-
cantly with the different coal ranks. The moisture content
changes the mechanical characteristics of different coal
ranks significantly, as reported by Yao et al. (2015) and
Yang et al. (2020). According to Ranathunga et al. (2016),
the fissure density also significantly changes the mechani-
cal strength of coal samples with different ranks.

Lin et al. (2022) and Zhang et al. (2020a) reported that
the water content, fissure density, porosity, and matrix com-
pressibility of coal are all influenced by the coalification
transition, which significantly affects the mechanical
properties of coal (Zhou et al., 2018). Specifically, before
the first coalification jump, the water content dropped
sharply, and the coal porosity gradually decreased due to
the compaction of the overlying rock (Zhou et al., 2017;
Lin et al., 2022). Between the first and second transition
points, the density of the internal fractures of the coal
gradually increases, and the porosity decreases continu-
ously due to the influence of the high pressure during the
asphaltization, aromatization, and coalification processes
(Wang et al.,, 2019; Xinetal., 2019; Hou et al., 2020).
After the third transition point, the methyl groups and
hydroxyl groups on the coal chemical skeleton decrease
significantly due to thermal crack, and the coal seam
water content further increases (Zhang et al., 2019a; Yan
etal., 2021).

In the past, predecessors have carried out many studies
on the relationship between elastic modulus and confin-
ing pressure, but the study mostly uses the coal samples
of the same rank coals and pays less attention to the
differences of different rank coals (Hobbs, 1960; Gentzis
etal., 2007; Liu et al., 2018; Zhang et al., 2019a), and the
effect of the physical properties of coal on mechanical
parameters in the process of coalification jump is still
unclear. In this study, we have performed triaxial
compression experiments and measured the correlation

between elastic modulus and the confining pressure to
predict the impact on mechanical properties of coal by
adopting different numerical approaches, such as power
function, arctangent function, and exponential function
model. The fitting equations of elastic modulus with
confining pressure and strength criteria of different rank
coals have been constructed to study their mechanical
impact on coalification. Furthermore, the elastic modulus
stress sensitivity coefficient and strength coefficient
describe the deformation and failure characteristics of
coals of different ranks to understand the coal fracturing
for CBM production.

2 Samples and methods

2.1  Samples

The samples were collected from different coal mines in
Xinjiang and Shanxi, China. The samples were abbre-
viated based on the name of their respective coal mines.
The Tongtai Coal Mine (TT) lignite in Keer alkali mining
district, Tuha Basin, and gas coal of Xiaogangou Coal
Mine (XGG) in the Fukang mining area, Zhunnan
coalfield, are located in Xinjiang. The long flame coal
was collected from Shaping coal mine (SP) in the Hedong
coalfield, fat coal was taken from Liyazhuang coal mine
(LYZ) in the Huoxi coalfield, and coal was sampled from
Huaian (HA), Xinzhuang (XZ), Shibangou (SBG),
Yeucheng (YC), Yangquan (YQWK) coal mines in
Qinshui coalfield of Shanxi, China. The collected coal
samples were quickly wrapped in plastic. A 50 mm x
100 mm sized cylindrical sub-sample was drilled along
the bedding direction of each coal sample. The processing
accuracy of the coal samples was done according to the
International Society of Rock Mechanics (ISRM)
standards (Fig. 1). All the experiments were performed on
the adjacent uniform columns derived from the
cylindrical samples of each coal mine. The surface of the
column was intact to reduce the influence of coal
heterogeneity and the interference of external factors.

The proximate and ultimate analyses of coal samples
are given in Table 1. The maximum reflectance of
vitrinite (R, ,,) of coal samples under oil immersion
conditions is between 0.34%—3.04% indicating coal ranks

Fig. 1 Coal samples for triaxial mechanics.
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Table 1 The coal petrology and proximate analysis

Maceral Industrial analysis

Samples Location Coalfield Macrolithotype Ry max! %0

VI% /% Li% My% A% V%
TT Tongtai Keer alkali Bleak coal 0.34 18.58 79.78 1.64 3.12 4.95 65.18
SP Shaping Hedong Semidull coal 0.59 55.44 42.13 243 4.18 24.07 50.51
XGG Xiaogangou Fukang Semidull coal 0.67 35.22 63.53 1.25 0.80 10.89 58.54
LYZ Liyazhuang Huoxi Semidull coal 0.97 42.07 53.66 427 0.66 4.01 69.78
HA Huaian Qinshui Semidull coal 1.54 50.84 47.36 1.80 0.98 12.65 67.32
SYFD Sanyuanfuda Qinshui Bright coal 1.59 86.59 13.41 0.00 1.01 3.82 80.72
Dz Dongzhuang Qinshui Semibright coal 1.63 68.88 31.12 0.00 0.66 19.45 57.76
\\'V4 Wenzhuang Qinshui Semibright coal 1.73 68.31 31.69 0.00 1.12 5.24 79.60
Xz Xinzhuang Qinshui Semibright coal 1.88 82.30 17.40 0.30 0.82 24.20 53.22
SBG Shibangou Qinshui Bright coal 1.97 87.75 11.15 1.10 1.51 15.23 70.27
YC Yuecheng Qinshui Semibright coal 2.80 70.56 29.31 0.13 1.50 15.61 78.11
YQWK Yangquan Qinshui Semibright coal 3.04 65.77 3423 0.00 2.73 6.37 85.24
Notes: R, ax Maximum vitrinite reflectance, %j; V, Vitrinite, %; I, inertinite, %; L, Liptinite, %; M,,, moisture content of air-drying basis, %; 4,4, ash

yields of air-drying basis, %; V., dry-ash-free volatile component, %; The data of samples SYFD, DZ, WZ is cited from Zhang et al. (2020c).

from lignite to anthracite, the moisture content of air-
drying basis (M,,) is between 0.66%—4.18%, ash yields
(4,9 is 4.01%-20.20%, and the dry-ash-free volatile
component (V) is 50.51%—85.24%. The macrolithotype
of coal rocks is mainly semi-dull type and semi-bright
type. The vitrinite content is between 18.58%—87.75%,
the inertinite content is 11.15%—79.78%, and the liptinite
content ranges 0—4.27%.

2.2 Experimental testing

Triaxial mechanical compression experiments were
conducted on the MTS815.02 Electro-hydraulic Servo-
controlled Rock Mechanics Test system of State Key
Laboratory for Geomechanics and Deep Underground
Engineering of China University of Mining and Technolo-
gy. The experimental confining pressure is set at 4—45 MPa.
The processed standard samples of @ 50 mm x 100 mm
size (drilled parallel to the seam bedding direction) were
dried for 24 h at a constant temperature of 65°C in a
drying oven. Subsequently, the coal samples were wrap-
ped in a hot melt adhesive membrane to prevent hydraulic
oil penetration into the samples during the triaxial
compression process, which helped to determine the
mechanical properties of the coal accurately. The wrap-
ped coal samples were placed in the triaxial chamber,
followed by the installation of stress sensor and oil
injection, then the confining pressure (o, = ;) and axial
pressure were applied at 25°C. The loading rate of
confining pressure was 0.1 MPa/s when the confining
pressure is less than 15 MPa, while 0.2 MPa/s when the
confining pressure was greater than 15 MPa. The axial
strain was the control variable of the triaxial experiment
until sample failure occurred at the axial strain rate of 2 x

103/, to obtain the complete stress-strain curve of the
coal samples.

3 Results

3.1 Stress-strain curves

The stress-strain curve of each coal sample is obtained
through real-time monitoring of the triaxial compression
process (Fig.2). The deformation and compression
behaviors are similar for coal samples of different ranks.
The axial stress and maximum axial strain of coal
samples of different ranks show an increasing trend with
the confining pressure, divided into five stages: compac-
tion phase, elastic deformation, inelastic deformation,
fracture and fracture development, and residual (You,
2003). In the elastic deformation stage, the slope of the
curve of low-rank coal samples (TT, SP) with R__ .
0.65% shows little change, whereas medium-rank coal
samples (0.65% < R, ... < 2.5%), and high-rank coal
samples (R > 2.5%) show significant change.

0,max

3.2 Elastic modulus

The average modulus recommended by the International
Society for Rock Mechanics (ISRM) is used to calculate
the elastic modulus of the coal sample. The average
modulus reflects the slope of the stress-strain curve of the
coal sample in the elastic deformation stage. The average
modulus of the coal sample has more mechanical
significance than the tangent modulus and secant
modulus because it excludes the effects of the compaction
phase and the inelastic deformation stage (Matkowski and
Ostrowski, 2017).
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Fig. 2 Stress-strain curves of coal samples under different confining pressure conditions.

Under the same experimental conditions, the elastic
modulus of the coal samples have a trend of rapid
increase at first, then increase slowly with the confining
pressure, thus showing a nonlinear relationship with the
confining pressure (Fig.3(a)). The elastic modulus of
coal samples of different ranks varies significantly
between 2.25-10.20 GPa (Table 2), with higher elastic
modulus for the medium-ranked coal samples and lower
elastic modulus for the low-ranked and high-ranked coal
samples.

3.3 Compressive strength
The compressive strength of the coal sample is calculated

according to the national standard GB/T 23561.9-2009. It
is the ratio of the maximum breaking load of the coal

sample to the compressed area of the coal sample. Under
the same experimental environment, the compressive
strengths of different coal ranks vary greatly, ranging
from 10.2 to 80.5 MPa (Table2). The compressive
strength of the coal tends to increase with the confining
pressure showing a linear relationship (Fig. 3(b)).

3.4 Poisson ratio

The International Society for Rock Mechanics (ISRM)
average method is used to calculate the Poisson’s ratio of
the coal sample. It is the slope of the straight-line portion
of the transverse axial strains in the elastic deformation
stage, which excludes the influence of the compaction
phase on the calculation of Poisson’s ratio of coal
samples under the effect of confining pressure (Medhurst

<
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Fig.3 Relationship between coal mechanical parameters and confining pressure of different coal ranks. (a) Elastic modulus.

(b) Compressive strength. (c) Poisson ratio.
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and Brown, 1998).

Under the same experimental conditions, the Poisson’s
ratio of coal tends to decrease with the confining pressure
showing a negative logarithmic function (Fig. 3(c)). The
Poisson’s ratio of coal samples of different ranks varies
greatly between 0.130 and 0.485 (Table 2). The coal has
a high Poisson ratio and strong lateral deformation abi-
lity when R, .. is between 0.34%-1.54% (Tschoegl
et al., 2002); however, the Poisson ratio of coal is rela-
tively low and shows weak lateral deformation ability at

Table 2 The test results of triaxial mechanics

R > 1.54%.

0,max

4 Discussion

4.1 Relationship between the coal mechanical properties
and coal rank

The relationships of moisture content, porosity and
fracture density with coal ranks are studied to explain the
coalification process (Fig. 4).

Samples g /MPa P/MPa E/GPa v Samples g /MPa P/MPa E/GPa v
TT 8 20.0 225 0.485 SP 8 45.1 4.87 0.362
12 322 2.50 0.387 10 559 4.95 0.358
16 34.9 2.73 0.347 12 52.6 5.00 0.348
20 432 2.69 0.326 16 70.2 5.14 0.354
25 45.0 2.78 0.218 20 79.6 5.05 0.347
XGG 8 28.1 477 0.416 SYFD 10 22.1 4.73 0.214
12 429 4.88 0.380 20 23.6 5.60 0.479
16 52.3 5.07 0.369 30 48.1 6.14 0.288
20 63.0 5.13 0.378 40 30.8 5.84 0.267
25 54.0 5.05 0.340 45 43.6 6.31 0.247
LYZ 10 24.02 3.88 0.454 YC 8 364 3.89 0.199
20 4535 4.83 0.389 10 50.5 4.40 0.183
25 472 4.87 0.410 16 73.6 5.07 0.168
HA 4 10.2 2.85 0.364 YQWK 4 11.4 2.78 —
8 15.5 3.10 0.147 8 24.8 3.52 —
10 17.6 3.50 0.375 10 244 4.14 —
20 19.3 4.14 0.279 12 26.1 4.03 —
30 17.8 3.91 0.307 16 274 3.60 —
40 22.3 3.75 0.287 20 29.9 4.46 —
45 26.6 3.73 0.338 30 383 471 0.411
DZ 10 39.0 8.51 0.325 wz 10 15.4 3.30 0.437
20 413 9.36 0.357 20 285 4.19 0.376
30 56.9 9.28 0.414 30 14.7 3.36 0.474
40 57.3 9.66 0.299 40 60.1 4.98 0.365
45 50.6 7.00 0.466 45 41.8 4.83 0.363
SBG 2 157 2.94 0.295 XZ 6 39.1 3.83 0.191
4 24.5 4.48 0.268 8 20.3 4.25 0.182
8 26.2 3.97 0.257 10 35.6 8.22 0.175
12 33.4 7.32 0.159 12 25.0 437 0.143
16 57.0 8.80 0.171 20 50.5 10.20 0.130
20 49.9 8.83 0.150 30 80.5 9.34 0.153
30 53.3 8.79 0.190 — — — —

Notes: o, confining pressure, MPa; P, compressive strength, MPa; E, Elastic Modulus, GPa; v, Poisson Ratio, %. The data of samples SYFD, DZ, and WZ

is cited from Zhang et al. (2020c).
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4.1.1
rank

Relationship between coal moisture content and coal

The oxygen-containing functional groups of the organic
matter in the coal decreases gradually before the first
coalification jump, therefore during compaction in the
coalification process, the moisture content of coal de-
creases rapidly with the increase in coal rank (Fig. 4(a))
(Xin et al., 2019; Yan et al., 2021). The change in mois-
ture content between the first and third coalification jump
is non-significant. However, the moisture content in-
creases rapidly after the third coalification jump due to
the thermal cracking of methyl and hydroxyl groups on
the coal chemical framework (Bustin and Guo, 1999; Guo
and Guo, 2018; Zhang et al., 2019b; Yan et al., 2021).

4.1.2 Relationship between coal porosity and coal rank

The porosity percent of coal samples (Fig.4(b)) is
derived from the helium porosity measurement and in
corroboration with the experimental results of Rodrigues
(Rodrigues and Lemos de Sousa , 2002). The results show
that the porosity of coal decreases rapidly with increasing
degree of coalification and compaction of the overlying
strata before the first coalification jump (Xin et al., 2019;
Lin et al., 2022). Between the first and second transition
points, the coal porosity reaches to minimum due to
aromatization and bituminization of the coal (Zhou et al.,
2017; Zhou et al., 2018). After the third coalification
jump, the coal has a high degree of evolution, and the
porosity of coal tends to increase due to thermal cracking
and debituminization (Rodrigues and Lemos de Sousa,
2002; Zhang et al., 2018; Zhou et al., 2018).

4.1.3 Relationship between coal fracture density and coal
rank

Figure 4(c) shows that the fracture density of different
coal ranks is distributed in normalized manner and
reaches the maximum at the vitrinite reflectance of 1.3%
(Bi et al., 2001). Before the first transition point, the coal
seam fractures were not developed due to the compaction

of the overlying strata (Zhou et al., 2017). Between the
first and second transition points, the coal matrix shrinks
due to coalification, and the internal stress increases,
resulting in an increase in the density of coal fissures. At
the same time, the fluid generated in the process of
coalification cannot be discharged from the coal seam in
time, resulting in fluid pressure and superimposed on
internal stress and generates a large number of fractures
(Wang et al., 2019; Bietal, 2001). After the second
transition point, the fracture density gradually decreases
under the action of the overlying rock pressure due to the
decrease in internal stress and hydrocarbon production,
which leads to the re-aggregation of the macromolecular
functional groups in the coal (Laubach etal., 1998;
Dawson and Esterle, 2010).

4.2 Relationship between coal elastic modulus and
confining pressure

Different function models (power function; arctangent
function; exponential function) describe the nonlinear
relationship of the coal elastic modulus with increasing
confining pressure (Hobbs et al., 1960; Matkowski and
Ostrowski, 2017; Zhang et al., 2020b). In this study, the
overall fit of the power function model is not high. The
correlation coefficient (R?) is between 0.5294 and 0.9735,
with an average of 0.7623. In the power function model,
the fitting degree of the elastic modulus with the
confining pressure is low for HA coal (R, ,x = 1.54%)
and XZ coal (R, ,, = 1.88%) shown in Fig. 5(a). The
arctangent function model does not fit the elastic modulus
of low-rank coals. In the arctangent model, when R, ... =
0.97% and 1.88%, the elastic modulus fit is poor with the
confining pressure for LYZ coal (R, .., = 0.97%) and XZ
coal (R, . = 1.88%) illustrated in Fig. 5(b). Whereas the
relationship between elastic modulus and confining
pressure of coal samples of different ranks is better
explained by exponential function model (Table 3, Fig.
5(c)) with the following equation:

E= _Aeﬁo—c +Emax, (1)
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Fig. 4 Relationship between coal mechanical properties and coal rank. (a) Moisture content (Bustin and Guo, 1999; Guo and Guo,
2018; Zhangetal., 2019b; Yanetal.,, 2021). (b) Porosity (Rodrigies and Lemos de Sousa, 2002). (c) Fracture density (Bietal.,

2001).
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where E is the elastic modulus under a certain confining
pressure, GPa. 4 and f are the elastic modulus fitting
coefficients. A4 is related to the properties of coal and
expressed in GPa. S reflects the sensitivity of the coal
elastic modulus to the confining pressure and is expressed
as MPa 1. The larger the f, the stronger is the coal sample
sensitivity to the confining pressure. o, is the confining
pressure, MPa. E__ is the elastic modulus of coal when
the confining pressure approaches infinity, GPa.

The elastic modulus fitting coefficient 4 of various coal
ranks is between 1.46-8.72 GPa, and the fitting coeffi-
cient A is between —0.076— —0.227 MPa~!. The maximum
elastic modulus E . of different coal ranks is more
discrete, ranging from 2.79 to 9.83 GPa. The correlation
coefficient R? is between 0.6155 and 0.9981, mostly are
higher than 0.83 show a high correlation (Table 3).

Figure 6 shows the relationship of coal elastic modulus
to the R ,x Within the range of coal ranks studied. The
trend line in Fig. 6 shows two maximum values, one is at
R, max = 0.70%, and the other is at R .. = 2.30%, and a
minimum point at R .= 1.40%, which are almost
consistent with the posftions of the first, second, and third
coalification jumps mentioned by Niu et al. (2019).

Before the first coalification jump, the oxygen-
containing functional groups of the organic matter in the
coal decreased gradually. During compaction in the

coalification process, the water content drops sharply, and
the coal porosity gradually decreases (Bustin and Guo,
1999; Tao et al., 2018). A decrease in water content leads
to an increase in the frictional resistance of the coal slip
surface (Taoetal., 2018; Liuetal.,2021). While, the
decrease in porosity further increases the coal’s ability to
resist deformation, resulting in an increasing trend of in
the coal elastic modulus (Zhou et al., 2016; Yao et al.,
2020; Liu et al., 2021) (Figs. 4(a) and 4(b)). Between the
first and second transition points, the water content of
coal no longer changes significantly (Zhang et al., 2019a;
Yan et al,, 2021). However due to the influence of
overburden pressure during asphaltization, aromatization,
and coalification, the density of internal coal fractures
gradually increases to about R, .. = 1.3%, when the
density of endogenous fissures reach the maximum, the
porosity of coal decreases to the minimum (Fig. 4(c)); as
a result, the endogenous fissures of coal are well develop-
ed (Biet al., 2001; Niu et al., 2019). The plasticity of coal
increases, the resistance to deformation decreases, and the
elastic modulus shows a decreasing trend. Between the
second and third coalification jump, the density of
endogenous fractures of coal continues to decrease (Bi
et al., 2001), the rigidity of coal increases along with the
increase in the elastic modulus of coal. After the third
transition point, due to thermal cracking, the methyl and

Table 3 Fitting relationships of elastic modulus and confining pressure for various coal ranks

Samples R max/ % Fitting equation /GPa B/MPa! E,./GPa R?
T 0.34 E=-1.63¢"c/673) 1271 1.63 ~0.149 2.71 0.8352
Sp 0.59 E=-121e"(0c/643) 4 520 1.21 —0.156 5.16 0.8579
XGG 0.67 E=—131e-e/52%) 1+ 510 1.31 -0.191 5.10 0.9211
LYZ 0.97 E=-2.86e"(0c/1037) 1 5 17 2.86 —0.096 5.17 0.9862
HA 1.54 E=-207e(0c/6.14) 1 3 91 2.07 —0.163 3.88 0.8174
SYFD 1.59 E=-4.08¢"e/%70 1 6,15 4.08 -0.103 6.15 0.9119
Dz 1.63 E=-4.09¢"(0c/6.14) 1 9 54 4.09 —0.163 9.54 0.9129
wz 1.73 E =-3.48e~0c/1469) + 5 07 3.48 —0.068 5.07 0.9981
XZ 1.88 E=-872e0c/927) 1+ 9 18 8.72 —0.108 9.18 0.6155
SBG 1.97 E = —8.560-(@c/1320) 4 10,01 8.56 -0.086 10.01 0.8793
YC 2.80 E=-452¢"0c/1228) ¢ 32 4.52 —0.081 6.32 0.9980
YQWK 3.04 E=-2.83e"(0c/874) 1+ 4 66 2.61 -0.114 4.34 0.7818
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Fig. 6 Relationship between coal elastic modulus of different
confining pressures and R

hydroxyl groups on the coal chemical framework fall off
on a large scale, and the water content of the coal seam
further increases (Bustin and Guo, 1999; Guo and Guo,
2018; Zhang et al., 2019a; Yanetal., 2021), which en-
hances the plasticity of coal, reduces the coal particles
adhesion ability, and decreases the rigidity of coal and
rock. At the same time, the molecular structure of coal
changes is affected by coalification and tectonics, and the
porosity gradually increases (Rodrigues and Lemos de
Sousa 2002; Zhou et al., 2018). When the coal is under
overburden pressure, it is more prone to deformation, and
the elastic modulus of coal decreases (Figs.4(a) and
4(b)).

The maximum elastic moduli of different coal ranks
vary significantly (Table 3). The influence of confining
pressure on the elastic modulus of different coal ranks is
compared using the following equation:

E;

E max

E, =

, @

where £, is the dimensionless elastic modulus of coal
samples. E; is the elastic modulus of each confining
pressure point, GPa.

The sensitivity of the elastic modulus of different coal
ranks to the confining pressure and the overlying rock
pressure is studied using the following equation:

OE;
Emax 00 ’

_0E, 1
=G =

Br

3

where f, elastic modulus stress sensitivity coefficient,
MPa™!, a coefficient represents the change of the elastic
modulus of the coal sample under the condition of unit
confining pressure. The high value of f, represents that
the elastic modulus is easily affected by the confining
pressure and shows greater sensitivity of the coal elastic
modulus.

The sensitivity coefficients of elastic modulus of
different coal ranks decrease with increased confining
pressure (Fig. 7). Under the condition of low confining

pressure (< 20 MPa), the pores and fractures of the coal
sample are quickly compressed and closed, the elastic
modulus increases sharply, and the sensitivity to the
confining pressure is the greatest. Under the condition of
high confining pressure (> 20 MPa), the pores and
fractures in the coal have been compressed and closed,
and the elastic modulus of the coal sample is gradually
approaching the maximum value, the confining pressure
has little effect on the elastic modulus of the coal sample,
and the sensitivity coefficient of the elastic modulus tends
to be zero.

The relationship between the sensitivity coefficient 5,
of the elastic modulus at §8-30 MPa of confining pressure
and the coal ranks is analyzed. The results show a
maximum point and a minimum point for §, with the
increase in coal rank (Fig. 8). The minimum point of §, is
at R, . = 0.70% and the maximum point is at R, .. =
2.40%, which are nearly consistent with the position of
the first and third transition points of coal (Tschoegl et al.,
2002).

The coal structure is elastic and has weak planes (Wang
et al., 2017). Before the first coalification jump, porosity

0.12
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Fig. 7 Relationship between elastic modulus sensitivity coefficient of
different coal ranks and the confining pressure.
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and coal ranks (R %) at different confining pressures.
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in the coal decreases sharply along with the decrease in
the proportion of macropores. At the same time, the
fractures are extremely undeveloped (Bietal., 2001;
Rodrigues and Lemos de Sousa, 2002; Xin et al., 2019)
(Figs. 4(a) and 4(c)), and the number of weak planes in
the internal defect structure of the coal is small, and the
coal body tends to be completely elastic (Xin et al., 2019;
Zhang et al., 2020a), and the confining pressure has little
effect on the deformation of the elastic body. Therefore,
the coal elastic modulus is not sensitive to the confining
pressure, and the sensitivity coefficient of the coal elastic
modulus tends to decrease. Fractures develop in the coal
with the coalification transition between the first and third
transition points. However, the porosity increases near the
third transition point to increase the coal compressibility,
consistent with the compression coefficient curve of coal
pores and fractures in the overburden coal porosity experi-
ment (Rodrigues and Lemos de Sousa, 2002; Ma et al.,
2020) (Fig. 9), therefore the sensitivity coefficient of coal
elastic modulus increases. After the third transition point,
the coal porosity increases, but the proportion of micro-
pores increases and the proportion of macropore
decreases (Wang et al., 2014); therefore, the compres-
sibility of coal decreases along with the decrease in the
sensitivity of coal elastic modulus.

4.3 Strength characteristics analysis and strength criteria

The compressive strength of the coal sample has a linear
relationship with the confining pressure (Fig. 3(b)). The
pores and fissures of the coal are compressed and closed
under the action of the confining pressure; therefore, the
coal resistance to deformation and the compressive
strength of coal samples are increased. The vertical
normal stress component of the coal fracture surface
increases with the confining pressure, and the friction
resistance also increases, which inhibits the relative
sliding between the fracture surfaces and improves the
triaxial compressive strength of the coal sample (Kong

o
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g
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Correlation of pore compressibility with different coal ranks
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and Wang, 2014).

The compressive strength of coal has two maximum
points at R .- = 0.70% and 2.70%, and one minimum
point at Ro,m,ax = 1.30%, respectively, with the increase in
coal rank (Fig. 10), Nearly consistent with the first,
second, and third transition points of coal (Niuetal.,
2019). Before the first coalification jump, the water
content and porosity of the coal show a downward trend
with the increase in coal rank, which enhances the
frictional resistance of the weak plane in the coal and the
ability of the coal to resist deformation (Rodrigues and
Lemos de Sousa, 2002; Palchik and Hatzor, 2004; Xin
et al., 2019; Zhang and Nie, 2020), and increase the
compressive strength of coal. Between the first and the
second coalification jump, the fracture density of coal
increases with the increase in coal rank, which increases
the weak plane in the coal and decreases the compressive
strength of the coal and its deformation resistance ability
(Bi et al., 2001; Li et al., 2020). Between the second and
the third coalification jump, the fracture density of the
coal gradually decreases to increase the deformation
resistance and the compressive strength of coal. After the
third transition point, the water content and porosity of
coal increases with the coal rank. Moisture reduces the
cohesive ability between coal particles, softens the clay
and other minerals in the coal, thus weakening the
compressive capacity of the coal and reducing the
frictional resistance of the weak plane of the coal to
decrease its deformation resistance ability. On the other
hand, the increase in porosity also dramatically decreases
the deformation resistance ability of the coal and its
compressive strength (Bi et al., 2001; Braga et al., 2019;
Zhang et al., 2019b; Yan et al., 2021).

In the triaxial experiment, when o, = o3 = o, the coal
strength criterion satisfies the given equation (Liu et al.,
2017):

o1 = floo), “)

where o, represents the maximum axial stress, and g, is
the confining pressure applied on the coal sample. The
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Fig. 10 Relationship between coal ranks (R, ... %) and coal

compressive strength at different confining pressures.
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compressive strength of coal has a strong linear relation-
ship with the confining pressure, which can be ex-
pressed as (Zhang et al., 2020a)

o1 =Ko+ Ay, ©)

where 4, is the compressive strength under no confining
pressure fit by the function, MPa. K is the dimensionless
compressive strength coefficient. Hence, Eq. (5) is
transformed to determine the strength criterion of the
principal stress form of coal as follows:

Z—(1)=A£00'C+1=K10'c+1, (6)
where K, is the fitting strength coefficient, which
characterizes the increase in compressive strength as the
confining pressure increases. The strength criteria of
different coal ranks can be obtained by substituting the
compressive strength and confining pressure data of
different coal samples into Eq. (6) given in Table 4. The
maximum shear stress of coal and rock is determined
from the bonding force and the angle of internal friction
using Mohr-Coulomb strength theory as follows:

7=C+otang, @)

where 7 represents the shear strength of coal, MPa. ¢
represents the internal friction angle of coal. o represents
the normal stress perpendicular to the shear plane, MPa.
C represents the bonding force, MPa. The parameters K
and 4 in Eq. (5) and the parameters C and ¢ in Eq. (7)
satisfy the following equation (Zhang et al., 2019a; Yan
etal., 2021):

_ l+sing _ 2Ccosgp

07 T sing’

®

"~ 1-sing’

According to Eq. (8), the internal friction angle and
cohesive force of coal can be calculated as follows:

K=1 . _ Ao
K+1’ 2VK'

According to the fitting relationship between the
compressive strength of coal and the confining pressure,
the parameters and strength criteria of different coal ranks
are calculated using Eqgs. (4) to (9) (Table 4). The strength
characteristics of the experimental coal samples have a
linear relationship with the confining pressure. Therefore,
the failure characteristics of coal samples of different
ranks conform to the Coulomb failure criterion. The
internal friction angle ¢ of the experimental coal sample
is between 0.91° and 39.33°, which increases with the
compressive strength coefficient K. The cohesive force C
is from 0.69 to 28.04 MPa. The internal friction angle and
cohesive force are related to the fitted compressive
strength 4, and the compressive strength coefficient K
under the condition of no confining pressure, but not
highly correlated with R

@=sin"

)

0,max"*

4.4 Influence of coalification jump on fracturing effect

The molecular structure and the physical properties of the
coal reservoir changed during coalification, subsequently
altering the mechanical properties of various coal ranks.
The mechanical properties of coal reservoirs are critical
in the hydraulic fracturing of coal. The fracture initiation
pressure and fracture propagation pattern required for
hydraulic fracturing are affected by the elastic modulus
and compressive strength of the coal seam (Kang et al.,
2010; Fan et al., 2019). The shape and size of fractures
depend upon the elastic modulus of the coal during hy-
draulic fracturing (Kang et al., 2010; Weng et al., 2011;
Yang et al., 2012). When the elastic modulus of the coal
is higher, narrower and shorter fractures tend to be
formed (Lietal,2014; Liuetal., 2022), whereas the
lower the elastic modulus of the coal, the shorter and

Table 4 Criteria and parameters of coal stress intensity of different coal ranks

Shear stress failure criterion Principal stress failure criterion

Samples w/(°) C/MPa K, K Ay/MPa
TT 10.33 4.92 0.1219 1.4370 11.79
SP 28.42 6.99 0.1200 2.8168 23.48
XGG 14.40 8.20 0.0786 1.6623 21.14
LYz 13.85 3.52 0.1813 1.6293 8.99
HA 33.74 6.60 0.0235 0.2843 12.09
SYFD 17.91 15.32 0.0290 0.5297 18.27
DZ 19.26 28.04 0.0148 0.5039 33.98
wz 3.30 5.89 0.1469 0.8911 6.07
XZ 21.29 3.81 0.1920 2.1404 11.15
SBG 10.51 7.54 0.0797 1.4464 18.14
YC 39.33 0.69 1.5236 44614 2.92
YQWK 0.91 7.14 0.0762 0.9689 12.71

7=4.92+0.1823¢
7=6.99 + 0.54120
7=28.20+0.25680
7=3.52+ 0.24660
7=6.60 + 0.66790
7=1532+0.3232¢0
7=28.04 + 0.349%4¢
7=5.89+0.05770
7=3.81+0.38970
7=7.54+0.18550
7=0.69 + 0.81940
7=7.14+0.0159

0,4y =0.12190, + 1
/4, =0.13820; + 1
0,/4,=0.07860; + 1
0,/4,=0.18130; + 1
0,/4,=0.02350; + 1
/4y =0.01290; + 1
0,/4,=0.01480; + 1
0,4y =0.01470; + 1
/4, =0.19200; + 1
0,/4y=0.07970; + 1
/4, = 152360, + 1
0,/4y=0.07620; + 1
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wider fractures will be developed (Li and Li, 2021).

Before the first coalification transition; the elastic
modulus and compressive strength of coal showed an
upward trend, the fracture initiation pressure of the coal
seam increased with the increase of coal rank, and the
fractures transitioned from wide to narrow in size.
Between the first and second transition points; the elastic
modulus and compressive strength of the coal showed a
downward trend, the fractures in the coal were highly
developed, a minor fracture initiation pressure can form a
favorable fracture network for drainage, fractures transi-
tioned from narrow to wide in size, and an appropriate
proppant was selected to prevent the fractures from
opening and closing (Ahamed et al., 2021; Zhang et al.,
2021). Between the second and third transition points; the
elastic modulus and compressive strength of the coal
showed an upward trend, the fracture density in the coal
gradually decreased, the fracture initiation pressure
required for fracturing the coal seam increased, and the
fracture shape transitioned to the narrow type. After the
third transition point; the elastic modulus and compressive
strength of coal decreased rapidly, the fracturing pressure
required for fracturing the coal seam decreased, and the
fracture shape tended to be short and wide (Figs. 6 and
10).

5 Conclusions

1) The slope of the stress-strain curve of low-rank coal
changes non-significantly than high-rank coal at the
elastic deformation stage. The compressive strength of
different coal ranks is linearly related to the confining
pressure; the elastic modulus and the confining pressure
have a positive exponential function, whereas the
Poisson’s ratio has a negative logarithmic relationship
with the confining pressure.

2) The elastic modulus and compressive strength of
coal are “M” shape with the increase in coal rank, and the
transition points are located at R ... = 0.70%, 1.30%,
and 2.40%, which are consistent with the first, second and
the third coalification jump point positions, respectively.
The elastic modulus and compressive strength increased
before the first coalification jump, and these tend to
decrease and then increase between the first and third
transition points, whereas after the third transition point,
the elastic modulus and compressive strength decreased.

3) The sensitivity coefficient of elastic modulus showed
an inverted “S” shape with the increasing coal rank, and
the transition points are located at R, .. = 0.70% and
2.40%. It is almost consistent with the first and third
coalification jump point positions, respectively. Coal
porosity decreases before the first transition point,
whereas the elastic modulus is less sensitive to the
confining pressure. Coal sensitivity increases between the
first and third transition points, whereas it decreases after

the third transition point.

4) The strength characteristics of coal samples of
different ranks have a linear relationship with the
confining pressure. The internal friction angle is between
0.91° and 39.33°, and the cohesion is between 0.69 and
28.04 MPa. The Coulomb strength criterion can
characterize the destruction of coals of different ranks.
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