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Abstract Coal is a kind of rock with the charac-
teristics of soft structure, developed joints, cleats, 
cracks,  and pores, resulting in that its mechanical 
behaviors are highly sensitive to stress, pore coalbed 
methane (CBM, gas) pressure and temperature. Thus, 
due to the variations in stress, pore pressure and tem-
perature caused by the drilling operation, the coal 
surrounding wellbore can be easily damaged, which 
would cause serious wellbore instability problems. 
In this presented work, a stress path of loading axial 
stress and unloading confining pressure (LAS-UCP) 
was first determined based on the stress redistribu-
tion of the coal surrounding horizontal wellbore in 
CBM reservoir during drilling process. A series of 

triaxial compression tests with the LAS-UCP stress 
path was then conducted to study the effects of axial 
loading rate, pore pressure and temperature on the 
mechanical behaviors of coal. The results show that: 
(1) Under the LAS-UCP stress path, the deforma-
tion of coal can be divided into elastic deformation 
stage, plastic deformation stage, and stress reduc-
tion stage. With the decrease in axial loading rate and 
the increases in pore pressure and temperature, the 
elastic deformation stage becomes shorter, the plas-
tic deformation stage becomes more significant, stress 
reduction rate in the stress reduction  stage becomes 
slower, and the coal shows more features of plastic-
ity and ductility. (2) With the increasing axial loading 
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rate, the compressive  strength and apparent elas-
tic modulus increase linearly, the absolute values of 
axial strain, radial strain and volumetric strain at peak 
stress grow gradually, but the apparent Poisson’s ratio 
changes irregular. (3) With the increase in pore pres-
sure, the compressive  strength, axial strain at peak 
stress and apparent elastic modulus decrease linearly, 
the radial strain and volumetric strain at peak stress 
have no change rule, and the apparent Poisson’s ratio 
increases gradually. (4) With the increasing tempera-
ture, the compressive  strength, axial strain at peak 
stress and apparent elastic modulus reduce gradually, 
but the absolute values of radial strain and volumetric 
strain at peak stress, and the apparent Poisson’s ratio 
increase linearly. The results can not only provide a 
guidance for safety drilling operation of the horizon-
tal wellbore in CBM reservoir, but also have impor-
tant significance for other engineering constructions 
related to coal seam.

Highlights 

• LAS-UCP stress path is designed based on stress 
redistribution of coal around well during drilling.

• Mechanical behavior of coal in LAS-UCP stress 
path with various axial loading rates is analyzed.

• Mechanical behavior of coal in LAS-UCP stress 
path with various pore pressures is analyzed.

• Mechanical behavior of coal in LAS-UCP stress 
path with various temperatures is analyzed.

• Mechanical mechanisms of coal are discussed 
considering stress path and the three factors.

Keywords Coalbed methane (CBM) · Mechanical 
behaviors · Unloading confining pressure · Loading 
rate · Temperature · Pore pressure

1 Introduction

The stability control of wellbore is the most chal-
lenging problem in oil and gas development (Tang 
et al. 2018). Especially, wellbore instability problem 
is more serious for the drilling operation in Coalbed 
methane (CBM) reservoir (Li et  al. 2018a). This is 
due to that coal is a kind of rock with the characteris-
tics of soft structure, developed  cracks, joints, pores 

and cleats (West et  al. 2012), resulting in that its 
mechanical behaviors are highly sensitive to stress 
(Dutka 2019), pore pressure and temperature (Bhutto 
et al. 2013; Laouafa et al. 2016). In addition, the stress 
redistribution and the changes of formation pore pres-
sure and temperature are really significant in the 
process of drilling operation (Mazaira and Konicek 
2015; Miao et al. 2016). Specially, the wellbore insta-
bility problem would be more serious for the horizon-
tal wellbore of CBM reservoir due to that the hori-
zontal wellbore would go through much longer than 
the other types of wellbore considering the horizontal 
sedimentary characteristics of coal seam. In general, 
the difference in drilling rate would result in vari-
ous stress redistribution rate, showing the complex 
mechanical instability characteristics of multi-factors 
coupling related to pore pressure and temperature, 
which has seriously restricted the safe and efficient 
development of CBM (Jia et al. 2021). Therefore, it is 
urgently needed to study the mechanical behaviors of 
coal surrounding horizontal wellbore during drilling 
process considering the actual engineering situation 
of stress redistribution rate, variations in pore pres-
sure and temperature.

The instability of horizontal wellbore in CBM res-
ervoir during drilling process is the problem of coal 
failure under unloading condition. In this process, the 
stress redistribution will cause multiple loading and 
unloading on coal, and accelerate the structural dam-
age of coal (Yang et al. 2014; Zhang et al. 2017). In 
addition, the internal defects of coal, such as joints, 
cleats, pores and cracks, can easily result in the crack-
ing and damage of coal for the condition of unloading 
stress, which will also significantly affect the mechan-
ical behaviors of coal (Shen et al. 2020, 2021; Zhou 
et al. 2020). Thus, lots of works have been done for 
studying the mechanical behaviors of coal under mul-
tiple loading condition. The deformation rate of coal 
tested under unloading confining pressure (UCP) is 
much faster than that of coal for conventional triaxial 
test (Jiang et al. 2017, 2021; Duan et al. 2020). Xin 
et al. (2018) have found that the stress–strain curve of 
coal under unloading stress path can be divided into 
5 stages: compaction stage, elastic deformation stage, 
plastic deformation stage, stress reduction stage and 
residual stress stage. Yin et  al. (2013) put forward 
that the coal elastic modulus would reduce with the 
increasing confining pressure unloading rate. Wang 
and Du (2019) proved that the strength of coal tested 
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under unloading condition is much lower than that 
of coal tested under conventional triaxial stress con-
dition, as well as, the fracture of coal is affected by 
multiple stress paths combining with the influence of 
CBM pressure. Although some valuable works have 
been done on the mechanical behaviors of coal under 
UCP condition, few of them focused on the mechani-
cal behaviors of coal surrounding wellbore consider-
ing the stress redistribution, coupling the influences 
of drilling rate, changes of formation pore pressure 
and temperature, caused by the drilling operation.

The excessive initial gas pressure will make the 
failure of coal more serious (Xie et  al. 2017). Thus, 
it is necessary to consider the influence of reservoir 
gas pressure for studying the mechanical behaviors 
of coal surrounding wellbore in CBM reservoir (Gao 
et  al. 2019). With the increasing gas pressure, the 
compressive strength, tensile strength and fracture 
toughness of coal will gradually decrease (Yin et al. 
2019), and the compression coefficient will increase 
(Feng et  al. 2021a), as well as, the elastic energy 
index, impact energy index and dynamic damage time 
change from strong to weak or none (Ouyang et  al. 
2020). It has been widely accepted that pore pres-
sure will change the physical–mechanical properties 
of coal. However, there are few reports on the effect 
of pore pressure on the mechanical behaviors of coal 
coupling the stress redistribution condition during 
drilling CBM reservoir.

Higher temperature will increase the internal 
energy of gas molecules and form higher pore pres-
sure, leading to obvious changes in mechanical 
behaviors of coal, and even cause coal failure (Cao 
et  al. 2020). Under a constant confining pressure, a 
higher temperature would lead to a lower strength of 
coal (Li et al. 2021a). With the increase in tempera-
ture, the elastic modulus and uniaxial compressive 
strength of coal will reduce, and Poisson’s ratio first 
decreases and then increases (Su et  al. 2020). Liu 
et  al. (2019) believed that the increased temperature 
in coal would lead to pores increase and cracks propa-
gation and increase the coal volume. Gan et al. (2021) 
found that the average pore diameter, specific surface 
area and pore volume of coal decrease at first and then 
increase with the growth of temperature. Most of the 
above works analyzed the influence of temperature 
on the physical properties of coal or the mechanical 
properties of coal only tested under the conventional 
stress path. There are few studies about the influences 

of temperature on the mechanical behaviors coupling 
the stress redistribution condition during drilling 
CBM reservoir.

From what have been discussed above, although 
some studies have been done on the mechanical 
behaviors of coal considering the influence of UCP 
and changes of pore pressure and temperature, there 
are few researches on the mechanical behaviors of 
coal affected by stress loading rate and the variations 
in pore pressure and temperature caused by the drill-
ing operation in CBM reservoir. Therefore, consider-
ing the stress redistribution of coal surrounding well-
bore during the drilling process  in CBM reservoir, a 
series of triaxial mechanical tests was conducted  for 
studying the mechanical behaviors of coal  affected 
by axial loading rate, pore pressure and temperature. 
The results of our study are of great significance for 
analyzing the wellbore stability during drilling CBM 
reservoir.

2  Materials and methods

2.1  Samples

The samples, which were mainly metamorphic 
coal, were taken from the underground coal seam in 
Ningwu basin of Shanxi Province, China, as shown 
in Fig.  1. Ningwu basin is a small structural resid-
ual basin in northwest of Shanxi Province, and is 
mainly developed with Carboniferous Permian coal 
seams. The coal seams in Ningwu Basin occur at 
the depth of 300–1500 m (Fan et  al. 2016), and the 
buried depth of these coal seams at both ends and 
wings of the basin is moderate, showing the excel-
lent CBM accumulation conditions. The samples 
were collected from the depth of 837 m with the in-
situ stress of 16.8–23.5  MPa there. There are many 
random defects in the coal, resulting in high hetero-
geneity of it. For reducing the discreteness of experi-
mental results, a relatively complete and uniform coal 
block was selected for drilling, cutting and grinding, 
and was made as 15 coal specimens with the size of 
ϕ50mm × 100 mm, as shown in Fig. 1.

2.2  Test scheme

In the process of mining coal seam, the stress of over-
lying strata in front of the borehole increases at first 
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and then decreases, and the horizontal stress increases 
gradually (Xie et al. 2015). Similarly, the stress redis-
tribution of the formation near the borehole in this 
process can be drawn as shown in Fig. 2. In addition, 
considering the optimal drilling azimuth of horizontal 
well for maintaining the stability of wellbore which 
is along the maximum horizontal in-situ stress direc-
tion (Fan et al. 2014), the experimental stress condi-
tions are designed as follows combining with the in-
situ stress distribution of σH  > σh >  σv  in the study 
area: axial stress (σ1)  is used to simulate the maxi-
mum horizontal in-situ stress (σH); confining pressure 
(σ3)  is used to simulate the stress of overlying strata 
(σv). Thus, according to the stress condition as shown 
in Fig. 2, σ1 and σ3 can be drawn from  A0 to  A3 (the 
coal is assumed to be failure at  A2), as presented 
in Fig. 3. The stress change from  A1 to  A3 is simu-
lated in this study, which is the stress path of loading 
axial stress and unloading confining pressure, named 
as LAS-UCP stress path here, and the initial values 
of σ1 and σ3 at  A1 are set as 20  MPa and 30  MPa, 
respectively, according to the in-situ stress range of 
the samples collecting area as mentioned in Sect. 2.1. 
For the coal seam buried depth, the depth over 800 m 
is generally defined as the deep formation in China 
(Xie et al. 2015), and the initial values of σ1 and σ3 set 
here are corresponding to 950 m and 1430 m respec-
tively, calculated by the average rock bulk density of 
2.15  g/cm3 according to the stratigraphic sequences 

of overlying rocks in this area (Wang et  al. 2015), 
which are both much deeper than 800 m, indicating 
that the initial values of σ1 and σ3 applied on coal in 
this study is really high for the sample collecting coal 
seam. Furthermore, since the fluids exchange between 
coal seam and wellbore would be prevented by the 
mud cake on the well wall (Gu et al. 2017), the pore 
pressure in coal for this study is regarded as a con-
stant value according to the original formation pres-
sure state. Actually, the original formation pressure 
would be different, and the temperature is also vari-
ational considering the original formation condition 
and the heat exchange between formation and drilling 
fluid. Therefore, all the experiments are conducted 
with LAS-UCP stress path, as well as the following 
three factors are considered: the different axial load-
ing rates caused by variational drilling rate, the differ-
ent pore pressure and temperature caused by the dif-
ferences of the original formation condition and the 
heat exchange. The detailed test schemes for analyz-
ing three factors are introduced as follows.

Triaxial compression tests of LAS-UCP stress 
path with different loading rates of axial stress (LAS-
UCP-LR): According to the difference in drilling 
rates of CBM horizontal well, the axial loading rate 
is considered as 0.02 MPa/s, 0.03 MPa/s, 0.04 MPa/s, 
0.05  MPa/s, 0.06  MPa/s and 0.07  MPa/s, and the 
stress path is designed as presented in Fig. 4: Firstly, 
the axial stress and confining pressure are increased 

Fig. 1  Geographical location map of Ningwu Coalfield (Liu et al. 2020) and coal specimens



Geomech. Geophys. Geo-energ. Geo-resour.            (2023) 9:28  

1 3

Page 5 of 21    28 

Vol.: (0123456789)

to 20  MPa. And then, the axial stress is kept as 
20  MPa, and the confining pressure is grown to 
30 MPa. Finally, the triaxial compression tests under 
LAS-UCP stress path with different axial stress load-
ing rate and unloading confining pressure (UCP) 
rate of 0.01 MPa/s are carried out. The experimental 
parameters are listed in Table 1.

Triaxial compression tests of LAS-UCP stress path 
with different pore pressure (LAS-UCP-PP): Accord-
ing to the different reservoir CBM pressure, the con-
stant pore pressures for the triaxial compression tests 
are set as 1.0 MPa, 2.0 MPa, 3.0 MPa and 4.0 MPa. 
The experimental parameters are listed in Table 1.

Triaxial compression tests of LAS-UCP stress 
path with different temperatures (LAS-UCP-T): 

Fig. 2  Stress redistribu-
tion applied on the coal 
seam near the borehole 
during drilling process. α 
is the stress concentration 
factor caused by different 
excavation methods; β is the 
confining pressure growth 
coefficient; λ is the axial 
stress growth coefficient; γ 
is the volume-weight (kN/
m3); κ is the axial compres-
sion coefficient; H is the 
formation depth (m); BHP 
is the bottom hole pres-
sure (MPa)

Fig. 3  Stress path design: a 
stress change diagram of the 
coal surrounding wellbore 
at the same spatial position 
during drilling process; b 
stress path of loading axial 
stress and unloading confin-
ing pressure (LAS-UCP 
stress path)

Fig. 4  Stress paths for LAS-UCP-LR tests
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According to the differences of reservoir tempera-
ture and heat exchange between formation and drill-
ing fluid, the temperatures for the triaxial compres-
sion tests are set as 24.0 °C, 33.0  °C, 46.0  °C and 
58.0  °C. The experimental parameters are listed in 
Table 1.

2.3  Experimental apparatus and method

2.3.1  Experiment apparatus

A self-developed apparatus “THM coupling with 
triaxial servo-controlled seepage apparatus of coal” 
(Fig.  5) was used for the triaxial compression tests. 
This apparatus is composed of main frame, pressure 
chamber, servo loading system, gas pressure control 
system, constant temperature oil heating system, data 
acquisition and storage system, and auxiliary system.

2.3.2  Experiment procedure

The triaxial compression tests described in Sect.  2.2 
were all conducted as following test procedure: 
(1) Specimen installation (Zhang et  al. 2020): The 
coal  specimen was put between the bottom and top 
pressure plates. The coal  specimen and two pressure 
plates were then covered by a heat shrinkable tube, 
and it was heated by a hairdryer to make it closely 
wrap the coal specimen and the two pressure plates. 
Next, two metal hoops were used to tighten the heat 
shrinkable tube at the two pressure plates. Finally, a 
circumferential extensometer was installed at the 
coal  specimen middle, and an axial extensometer 
was installed at the both ends of the coal  specimen. 
(2) Initial stress and pore pressure loading (Yin et al. 
2015a): an isotropic stress state of σ1 = 20  MPa and 
σ3 = 20  MPa was applied to the coal specimen, and 
then confining pressure was increased up to 30 MPa. 

Table 1  Experimental parameters of the triaxial compression tests under LAS-UCP stress path

Test scheme Axial loading rate (MPa/s) Pore pressure (MPa) Temperature (°C) Unloading rate of 
confining pressure 
(MPa/s)

Initial axial 
stress (MPa)

Initial confining 
pressure (MPa)

LAS-UCP-LR 0.02/0.03/0.04/0.05/0.06/0.07 3.0 24 0.01 20.0 30.0
LAS-UCP-PP 0.04 1.0/2.0/3.0/4.0 24 0.01 20.0 30.0
LAS-UCP-T 0.04 3.0 24.0/33.0/46.0/58.0 0.01 20.0 30.0

Fig. 5  THM coupling with triaxial servo-controlled seepage 
apparatus of coal (Li et  al. 2016; Yin et  al. 2015a). 1-Lifter, 
2-Pressure vessel, 3-Sensor of axial stress, 4-Oil tank, 5-Mov-
able work platform, 6-Heater tubes, 7-Oil inlet valve, 8-Sen-

sor of axial displacement, 9-Hydraulic cylinder of axial stress, 
10-Force plate, 11-Gas inlet valve, 12-Gas outlet valve, 13-Air 
drain valve, 14-Hydraulic oil inlet and drain valve, 15-Circum-
ferential extensometers, 16-Specimens
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Next, CBM was injected into the coal specimen, and 
gas outlet valve was closed when the air in the pores 
was completely replaced by CBM. Following, the pore 
pressure was kept as the specified value for 12  h to 
make the coal fully adsorb CBM. (3) Stress loading: 
the axial stress was loaded with the specified loading 
rate as shown in Table  1, in the meantime, the con-
fining pressure was unloaded at a rate of 0.01 MPa/s. 
The axial stress loading was transformed to displace-
ment control with a rate of 0.1 mm/min when the axial 
stress reached peak value, and the test was ended when 
only residual stress appeared for the coal specimen.

2.4  Experiment data treatment

Poisson’s ratio (Yin et al. 2015b) and elastic modulus 
(Cai et  al. 2002) are calculated by Eqs. (1) and (2), 
respectively.

where v is the Poisson’s ratio, dimensionless; ε3 is the 
radial strain, %; ε1 is the axial strain, %; E is the elas-
tic modulus, MPa; σ1 is the axial stress, MPa; σ3 is the 
confining pressure, MPa.

The stress–strain relationship for the coal speci-
mens tested under the LAS-UCP stress path may 
deviate from Hooke’s law due to the complex stress 
condition of increasing σ1 and decreasing σ3. Thus, 
the apparent elastic modulus (Ea) and apparent Pois-
son’s ratio (va) are selected to represent the deforma-
tion characteristics of the coal specimens, and the cal-
culation methods of Ea and va are also using Eqs. (1) 
and (2), respectively.

3  Results and analysis

3.1  Effect of axial loading rate on the mechanical 
behaviors of coal

3.1.1  Complete stress–strain curve of the coal 
specimen for LAS‑UCP‑LR

Figure  6 presents the complete deviatoric stress 
(σ1–σ3) versus strains (axial strain ε1, radial strain ε3 

(1)v = −
d�

3

d�
1

(2)E =
[

�
1
− �

(

�
2
+ �

3

)]/

�
1

and volumetric strain εv) curves of the coal specimens 
tested under different axial loading rates. As shown in 
Fig. 6, all the coal specimens tested under the LAS-
UCP stress path have no obvious compaction stage, 
this would be caused by the initial stress condition, 
which is that the initial stresses of σ1 and σ3 are high, 
and the initial σ3 is greater than the initial σ1. Under 
this initial stress condition, the micro-cracks in the 
coal specimens would be closed before testing. This 
matches the actual situation that the coal in front 
of the wellbore is subjected to an increasing verti-
cal stress and the micro-fractures would be closed 
gradually, as mentioned in Sect. 2.2. Therefore, these 
curves are divided into 3 stages (Fig.  6b): (1) Elas-
tic deformation stage (OA section): deviatoric stress 
grows linearly with the increase of axial strain, and 
the elastic deformation stage is significant. (2) Plas-
tic deformation stage (AB section): deviatoric stress 
grows with the increasing axial strain, but the increas-
ing rate reduces gradually. (3) Stress reduction stage 
(BC section): deviatoric stress reduces rapidly with 
the increasing axial strain. Although there is a long 
linear relationship between ε1 and σ1–σ3, the curves of 
σ1–σ3 versus ε3 and σ1–σ3 versus εv have a little linear 
segment due to the effect of UCP (Fig. 6). For exam-
ple, as shown the result for the coal specimen tested 
under an axial loading rate of 0.02 MPa/s, the stress 
difference for the linear segment of the σ1–σ3 and ε1 
is 0–40  MPa. However, the stress difference for the 
linear segment of the σ1–σ3 and ε3 is only 0–5 MPa. 
The results show that the LAS-UCP stress path will 
weaken the limitation of the radial deformation, 
resulting in that the radial deformation is significant 
and would accelerate with the increase in deviatoric 
stress.

The stress–strain curves of the coal specimens 
tested under different axial loading rates show that: 
(1) The higher the axial loading rate is, the more sig-
nificant the elastic deformation stage and the shorter 
the plastic deformation stage will be. For example, 
the proportions of axial strain increment in the elas-
tic deformation stage to total axial strain before peak 
stress are 63.66%, 65.11%, 66.60%, 68.38%, 69.67% 
and 71.21% for the coal specimens tested under  the 
axial loading rates of 0.02  MPa/s, 0.03  MPa/s, 
0.04 MPa/s, 0.05 MPa/s, 0.06 MPa/s and 0.07 MPa/s, 
respectively. (2) The stress reduction rate in the stress 
reduction stage  increases with the increasing axial 
loading rate. For example, the average stress reduction 
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rate in the stress reduction stage is 34.86 MPa/% for 
the coal specimen tested under an axial loading rate 
of 0.02  MPa/s, but the average stress reduction  rate 
in the stress reduction stage  is 90.13 MPa/% for the 
coal specimen tested under an axial loading rate of 
0.07  MPa/s. These indicate that with the increasing 
axial loading rate, the elastic-brittle characteristics of 
coal are enhanced gradually, while the plasticity and 
ductility characteristics are weakened, this is agree-
ment with the results obtained by Li et al. (2018b).

3.1.2  Strength and strains at peak stress of the coal 
specimen for LAS‑UCP‑LR

Figure  7 presents the curves of compressive 
strength  (σ1–σ3)p and strains at peak stress (axial 
strain ε1p, radial strain ε3p and volumetric strain εvp at 
peak stress)  versus axial loading rates. Figure  7a 
shows that with the increasing axial loading rate, the 
compressive strength increases linearly, and the incre-
ment of compressive strength is very significant. For 

Fig. 6  Complete deviatoric 
stress versus strains curves 
of the coal specimens: 
a the results of the coal 
specimens tested under 
different loading rates; b. 
the typical characteristics of 
the stress–strain curves. ε1 
is the axial strain, %; ε3 is 
the radial strain, %; εv is the 
volumetric strain, %; f is the 
axial loading rate, MPa
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example, the compressive strength of the coal speci-
men tested under an axial loading rate of 0.07 MPa/s 
increases by 46.57% compared with that of the 
coal specimen tested under an axial loading rate of 
0.02 MPa/s. Figure 7b–d show that with the increas-
ing axial loading rate, the ε1p and the absolute values 
of ε3p and εvp of the coal specimens increase gradu-
ally. In addition, the linear correlation between the ε1p 
and the axial loading rate is better than that between 
the ε3p and the axial loading rate, and the curve of the 
εvp versus the axial loading rate shows the worst lin-
ear correlation. Moreover, the strains at peak stress 
are significantly affected by the axial loading rate. 
For example, the ε1p, ε3p and εvp of the coal speci-
men tested under an axial loading rate of 0.07 MPa/s 

Fig. 7  Curves of compressive strength and strains at peak 
stress versus axial loading rates: a peak deviatoric stress ver-
sus axial loading rate; b axial strain at peak stress versus axial 
loading rate; c radial strain at peak stress versus axial loading 
rate; d volumetric strain at peak stress versus axial loading 

rate. (σ1–σ3)p is the peak deviatoric stress; f is the axial load-
ing rate, MPa; ε1p is the axial strain at peak stress, %; ε3p is 
the radial strain at peak stress, %; εvp is the volumetric strain at 
peak stress, %

Fig. 8  Curves of apparent elastic modulus (Ea) and apparent 
Poisson’s ratio (va) versus axial loading rate
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increase by 18.30%, 36.76% and 63.87%, respec-
tively, compared with those of the coal specimen 
tested under an axial loading rate of 0.02 MPa/s.

3.1.3  Apparent elastic modulus and apparent 
Poisson’s ratio of the coal specimen 
for LAS‑UCP‑LR

Figure  6 shows that it has a significant linear correla-
tion between the σ1–σ3 and ε1, but the linear segments 
of the curves for the σ1–σ3 versus ε3 and the σ1–σ3 ver-
sus εv are not obvious. This may be due to that the effect 
of UCP on the axial deformation can have a hysteresis 
comparing with the effect of that on the radial deforma-
tion (Souley et  al.1996). This also implies the reason-
ability of using apparent elastic modulus (Ea) and appar-
ent Poisson’s ratio (va) here. Figure 8 presents the curves 
of Ea and va versus axial loading rate, which shows that 
Ea increases approximately in a line with the increasing 
axial loading rate, indicating that the greater the axial 
loading rate is, the stronger the elastic accumulation 
will be (Ma et al. 2021). However, there is a couple of 
data for the apparent elastic modulus diverging the lin-
ear increase trend. For example, Ea of the coal specimen 
tested under an axial loading rate of 0.04 MPa/s is 3.53 
GPa, but the value of the coal specimen tested under an 
axial loading rate of 0.05 MPa/s is 3.5 GPa, decreasing 
by 0.85% compared with the former one. This may be 
due to the heterogeneity of the coal specimens. Figure 8 

also shows that va changes irregularly with the increas-
ing axial loading rate, this may due to that the radial 
deformation of the coal specimen is mainly affected by 
UCP and the original defects in coal. Especially, the dif-
ference of the original defects in coal would lead to a 
significant difference on radial deformation in the elastic 
deformation stage. Therefore, the correlation between va 
and axial loading rate for the coal specimen tested under 
the LAS-UCP stress path is low.

3.2  Effect of pore pressure on the mechanical 
behaviors of coal

3.2.1  Complete stress–strain curve of the coal 
specimen for LAS‑UCP‑PP

Figure  9 presents the complete deviatoric stress 
(σ1–σ3)  versus strains (ε1,  ε3 and  εv) curves of the 
coal specimens under different pore pressures tested 
according to the test scheme of LAS-UCP-PP. Simi-
lar to the stress–strain curves of the coal speci-
mens obtained for the LAS-UCP-LR test scheme, 
the curves presented in Fig.  9 are also divided into 
the three deformation stages. Moreover, with the 
increasing pore pressure, the elastic deformation 
stage decreases significantly, the plastic deformation 
stage increases observably, and the stress reduction 
rate in the  stress  reduction stage  decreases  gradu-
ally. For example, the proportions of the axial strain 

Fig. 9  Complete deviatoric 
stress versus strains curves 
of the coal specimens 
tested under different pore 
pressures. Pp is the pore 
pressure, MPa
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increments in the elastic deformation stage to the total 
axial strains before peak stress are 74.42%, 71.09%, 
68.03% and 65.82%, and the average stress reduction 
rates in the stress reduction stage are 115.47 MPa/%, 
90.44  MPa/%, 88.40  MPa/% and 87.58  MPa/% for 
the coal specimens tested under pore pressures of 
1.0  MPa, 2.0  MPa, 3.0  MPa and 4.0  MPa, respec-
tively. Moreover, the curves of deviatoric stress ver-
sus strain near the peak stress of the coal specimens 
tested under various pore pressures have different 
characteristics: at a low pore pressure, the devia-
toric stress changes slowly with the increasing axial 
strain near peak stress, presenting a "∩" shape of their 
curve; at a high pore pressure, the deviatoric stress 
changes rapidly with the increasing axial strain near 
the peak stress, showing a "∧" sharp of their curve. 
However, at different pore pressure, the deviatoric 
stress changes slowly with the increases in the radial 
strain and volumetric strain near the peak stress, 
showing a "∩" shape of their curves. These imply that 
the pore pressure can affect the failure characteristic 
of the coal specimen tested under LAS-UCP stress 
path, showing that the failure characteristic of coal 
would change from elastic–plastic failure to elastic-
brittle failure with the increasing pore pressure.

3.2.2  Strength and strains at peak stress of the coal 
specimen for LAS‑UCP‑PP

Figure  10 presents the curves of compressive 
strength  (σ1–σ3)p and strains at peak stress  (ε1p,  ε3p 
and  εvp) versus pore pressure. As shown in Fig.  10a, 
the compressive  strength decreases approximately in 
a line with the increasing pore pressure. For example, 
the compressive  strength of the coal specimen tested 
under a pore pressure of 4.0 MPa decreases by 24.60% 
compared with that of the coal specimen tested under 
a pore pressure of 1.0 MPa. From Fig. 10b–d, the fol-
lowing observations can be made: the ε1p, the absolute 
values of ε3p and εvp decrease with the increasing pore 
pressure, indicating that a greater pore pressure would 
cause a worse deformation capacity of coal, and the coal 
will be damaged more easily. In addition, the correla-
tion between the three strains at peak stress and the pore 
pressure is quite different. The regression R-square value 
(R2) of the linear fitting between the  ε1p and the  pore 
pressure is a little lower than 0.9, indicating a good lin-
ear correlation between them, while R2 of the linear fit-
ting between the ε3p, εvp and the pore pressure are less 

than 0.1. This implies that pore pressure can promote the 
influence of the original defects of the coal specimen on 
the radial deformation tested under the LAS-UCP stress 
path. In this case, the radial deformation at peak stress 
affected by pore pressure would be more irregular com-
pared with the axial deformation due to the difference in 
original defects for the different coal specimens.

3.2.3  Apparent elastic modulus and apparent 
Poisson’s ratio of the coal specimen 
for LAS‑UCP‑PP

Figure 11 presents the curves of apparent elastic mod-
ulus (Ea) and apparent Poisson’s ratio (va) versus pore 
pressure. As shown in Fig. 11, Ea reduces gradually 
with the increasing pore pressure. For example, the Ea 
of the coal specimen tested under a pore pressure of 
1 MPa is 51.05 GPa, while the Ea of the coal speci-
men tested under a pore pressure of 4  MPa is 
41.46 GPa, decreasing by 18.78% compared with the 
former one. As shown in Fig. 11, va increases gradu-
ally with the increasing pore pressure. For example, 
the va of the coal specimen tested under a pore pres-
sure of 1 MPa is 0.95, while the va of the coal speci-
men tested under a pore pressure of 4  MPa is 1.11, 
increasing by 16.16% compared with the former one.

3.3  Effect of temperature on the mechanical 
behaviors of coal

3.3.1  Complete stress–strain curve of the coal 
specimen for LAS‑UCP‑T

Figure  12 presents the complete deviatoric stress 
(σ1–σ3)  versus strains  (ε1,  ε3 and  εv) curves of the 
coal specimens tested under different tempera-
tures, showing that the curves also have the three 
deformation stages. First, with the increasing tem-
perature, the elastic deformation stage decreases, 
and the plastic deformation stage increases. For 
example, the proportions of the axial strain incre-
ments in the elastic deformation stage to the total 
axial strains before peak stress of the coal speci-
mens tested under temperatures of 24  °C, 33  °C, 
46  °C and 58  °C are 72.62%, 56.08%, 54.97% and 
51.60%, respectively. Secondly, in the plastic defor-
mation stage, the higher the temperature is, the 
more significant the strain growth of the coal speci-
men within the same  deviatoric stress increment 



 Geomech. Geophys. Geo-energ. Geo-resour.            (2023) 9:28 

1 3

   28  Page 12 of 21

Vol:. (1234567890)

is. For example, when the temperature is 24  °C, 
deviatoric stress increases by 14.49 MPa while the 
axial strain increases by 27.38%, that is, the axial 

strain in the plastic deformation stage averagely 
increases by 1.89% for 1  MPa deviatoric stress 
increase. Correspondingly, when the test tempera-
ture is 33 °C, 46 °C and 58 °C, the axial strains in 
the plastic deformation stage averagely increase by 
2.94%, 3.54% and 3.71% for 1 MPa deviatoric stress 
increase,  respectively. Thirdly, the stress reduction 
rate in the stress reduction  stage reduces with the 
increasing temperature. For example, when the tem-
perature is 24 °C, 33 °C, 46 °C and 58 °C, the aver-
age slopes of the stress–strain curves in the stress 
reduction stage  are 56.56  MPa/%, 46.07  MPa/%, 
41.28  MPa/% and 38.16  MPa/%, respectively. The 
above phenomena indicate that the coal specimen 
tested under the LAS-UCP stress path is more likely 
to present from the elastic–plastic deformation to 
plastic or ductile deformation with the increasing 
temperature.

Fig. 10  Curves of compressive strength and strains at peak 
stress versus pore pressure: a peak deviatoric stress versus pore 
pressure; b axial strain at peak stress versus pore pressure; c 

radial strain at peak stress versus pore pressure; d volumetric 
strain at peak stress versus pore pressure

Fig. 11  Curves of apparent elastic modulus (Ea) and apparent 
Poisson’s ratio (va) versus pore pressure
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3.3.2  Strength and strains at peak stress of the coal 
specimen for LAS‑UCP‑T

Figure  13 presents the curves of compressive 
strength  (σ1–σ3)p and strains at peak stress  (ε1p,  ε3p 
and  εvp) versus temperature. A shown in Fig.  13a, 
the compressive  strength decreases gradually and 
the reduction rate decreases too with the increasing 
temperature, showing an exponential function rela-
tionship between them. For example, the compres-
sive strengths of the coal specimens tested at temper-
atures of 33 °C, 46 °C and 58 °C decrease by 38.05%, 
47.16% and 47.36%, respectively, compared with that 
of the coal specimen tested at a temperature of 24 °C. 
This indicates that the increase in temperature will 
decrease the bond strength of the rock mineral, result-
ing in a decrease of rock strength (Ersoy et al. 2021). 
Especially, for the LAS-UCP stress path, the effect of 
temperature on the decrease of mineral bond strength 
is more significant than that for the conventional tri-
axial test (Zhang et al. 2021a), resulting in more seri-
ous compressive strength decrease of coal.

From Fig.  13b–d, the following observations can 
be made: The ε1p decreases at an exponential func-
tion with the increasing temperature. For example, 
the ε1p of the coal specimens tested at temperatures of 
33 °C, 46 °C and 58 °C decrease by 38.05%, 47.16% 
and 52.64%, respectively, compared with that of the 
coal specimens tested at a temperature of 24 °C. On 
the other hand, the absolute values of ε3p and εvp 
increase approximately in a line with the increasing 

temperature, showing that the axial deformation 
capacity would decrease and the radial deformation 
capacity will increase with the increasing tempera-
ture. For example, the ε3p of the coal specimens tested 
at temperatures of 33 °C, 46 °C and 58 °C decrease 
by 10.68%, 21.97% and 26.15%, respectively, com-
pared with that of the coal specimen tested at a tem-
perature of 24  °C. Accordingly, the εvp decrease by 
26.66%, 41.07% and 62.89%. These show that the 
plasticity and ductility characteristics of coal will 
become more significant with the increasing tempera-
ture, as shown in Fig. 12. However, under the influ-
ence of UCP, the ductile deformation of coal mainly 
reflects in the increase of radial deformation, so even 
in the case of a small axial deformation, the radial 
deformation of the coal specimen will also have an 
obvious value, showing that the ε1p decreases gradu-
ally, while the absolute values of ε3p and εvp increase 
with the increasing temperature.

3.3.3  Apparent elastic modulus and apparent 
Poisson’s ratio of the coal specimen 
for LAS‑UCP‑T

Figure  14 presents the curves of apparent elastic 
modulus (Ea) and apparent Poisson’s ratio (va) versus 
temperature. As shown in Fig.  14, the  Ea decreases 
linearly with the increasing temperature. For exam-
ple, the Ea of the coal specimens tested at tempera-
tures of 33 °C, 46 °C and 58 °C decrease by 16.04%, 
17.68% and 33.62%, respectively, compared with that 

Fig. 12  Complete devia-
toric stress versus strains 
curves of the coal speci-
mens tested under different 
temperatures
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of the coal specimen tested at a temperature of 24 °C. 
This implies that the capacity of the  coal specimen 
tested under the LAS-UCP stress path to resist elas-
tic deformation would weaken gradually with the 
increasing temperature. va increases with the increas-
ing temperature, as shown in Fig.  14, showing a 
good linear relationship between them. For example, 
the va of the coal specimen tested at temperatures of 
33  °C, 46  °C and 58  °C increase by 7.28%, 24.99% 
and 35.54%, respectively, compared with that of the 
coal specimen tested at a temperature of 24 °C. This 
implies that the radial deformation of the coal speci-
men tested under the LAS-UCP stress path would 
increase linearly with the increasing temperature, 
resulting in an increase in va.

Fig. 13  Curves of compressive strength and strains at peak 
stress versus temperature: a peak deviatoric stress versus tem-
perature; b axial strain at peak stress versus temperature; c. 

radial strain at peak stress versus temperature; d volumetric 
strain at peak stress versus temperature

Fig. 14  Curves of apparent elastic modulus (Ea) and apparent 
Poisson’s ratio (va) versus temperature. T is the temperature, °C
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4  Discussions

The influence mechanism of the LAS-UCP stress 
path and the three factors can be summarized as the 
following three points, which are well incorporated 
into each part of this section: (1) influence of struc-
ture defects in coal, including pores, joints, cleats and 
cracks; (2) gas flow and its effect on the microstruc-
ture of rock; (3) influence of water on the mechanical 
behaviors of coal.

4.1  Influence mechanism of LAS-UCP stress path on 
mechanical behaviors of coal

Compared with the results for conventional triaxial 
test (Yang et al. 2007; Zhang et al. 2021a), the plas-
tic deformation of the coal specimen tested under the 
LAS-UCP stress path accounts for a much shorter 
proportion to the total deformation  before the coal 
specimen failure; there is even no linear correlation 
between deviatoric stress and radial strain; as well as, 
the stress decreases much faster in the stress reduc-
tion  stage. In addition, the coal  specimen tested 
under the LAS-UCP stress path has lower compres-
sive  strength, worse deformation resistance, smaller 
elastic modulus and larger Poisson’s ratio, compared 
with those obtained by conventional triaxial test (Li 
et  al. 2021b). The reason of the above phenomena 
would be that the reduction of radial restraint caused 
by UCP will cause the development and failure of 
micro-cracks in coal, which thereby significantly 
weakens the deformation ability of coal, especially in 
the radial direction, making it more prone to failure 
(Shen et  al. 2021; Zhou et  al. 2020). Moreover, the 
axial loading stress would further promote this fail-
ure process, causing a much worse mechanical behav-
iors of coal under the LAS-UCP stress path com-
pared with that under the conventional triaxial test 
stress path. The failure of the coal  specimen tested 
under the LAS-UCP stress path mainly depends on 
inherent defects such as pores, joints,  cleats, creaks, 
growth lines and weak bond zones. From the view 
of microscopic point, the failure mode of rock sub-
jected to stress is mainly the continuous brittle frac-
ture of locked patches in rock mass (Wei et al. 2022; 
Wang et  al. 2021). According to this failure mode, 
a faster crack propagation would be obtained for 
the coal specimen tested under the LAS-UCP stress 

path, resulting in poor mechanical behaviors of coal 
(Kumar et al. 2022).

4.2  Influence mechanism of axial loading rate on 
mechanical behaviors of coal

The mechanical behaviors of coal affected by the 
axial loading rate tested under the LAS-UCP stress 
path can be well explained by the strain energy the-
ory of rock. The internal energy increment per unit 
time would increase with the increasing axial loading 
rate. Before the failure of coal, the increased inter-
nal energy is mainly transformed into elastic poten-
tial energy, plastic potential energy and heat energy, 
which are stored in coal (Cheng et  al. 2021; Feng 
et al. 2021b; Lu et al. 2022), and these energies can 
cause the coal to present elastic deformation, plas-
tic deformation, and temperature transformation in 
coal particles and cement. Actually, these deforma-
tions of coal would lag behind the energy concen-
tration, showing that the faster the axial loading rate 
is, the stronger the accumulation of elastic poten-
tial energy in coal will be, and the faster increase of 
stress will be. It is therefore that the elastic modu-
lus would increase with the increasing axial loading 
rate (Ma et  al. 2021; Guo et  al. 2022). Because the 
radial deformation of coal is sensitive to confining 
pressure (Feng et al. 2021c), considering the effect of 
the inevitable nuances  in natural defects for the dif-
ferent coal specimens, the radial deformation in the 
elastic deformation stage of the coal specimen tested 
under the LAS-UCP stress path changes irregularly 
with the increasing axial loading rate, as shown in 
Fig. 6. Thus, the Poisson’s ratio has no regularity with 
the increasing axial loading rate, as shown in Fig. 8. 
When the coal specimen is damaged, the accumulated 
potential energy will release rapidly, resulting in a 
significant stress reduction. And this stress reduction 
highly depends on the amount of potential energy, 
and a higher axial loading rate can store more amount 
of potential energy in coal. Thus, the stress would 
decrease more rapidly with the increasing axial load-
ing rate, as shown in Fig. 6.

The coal strength is mainly determined by the coal 
structure and the ratio of stored energy and released 
energy, expressed as (Duan et  al. 2020; Xue et  al. 
2020):
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where ι is the ratio of stored energy and released 
energy, dimensionless; Δwc is the energy stored in 
coal per unit time, J; Δwf is the released energy of 
coal per unit time, J. Because the coal specimens 
used in these tests are taken from one coal block, 
their structures can be regarded as the same, and the 
unloading confining pressure  (UCP) rates are the 
same, then the strength is mainly determined by ι. In 
this case, considering that ι increases linearly with the 
increasing axial loading rate (Ding et  al. 2022), we 
can therefore infer that the strength would increase 
linearly, and the axial strain, radial strain, and volu-
metric strain at peak stress will also increase approxi-
mately in a line with the increasing axial loading rate. 
However, due to the influences of UCP and the inevi-
table nuances in natural defects for the different coal 
specimens, especially, the natural defects including 
pores, joints, cleats,  cracks, growth lines and weak 
bond zones, which have significant impact on rock 
mechanics behavior (De Silva and Ranjith 2020), the 
correlations of radial strain and volumetric strain at 
peak stress versus axial loading rate are relatively 
poor compared with the correlation between axial 
strain at peak stress and axial loading rate. As well as, 
the regularity of the compressive  strength and axial 
strain at peak stress of coal changed with axial load-
ing rate would also be not strictly followed the theo-
retical rule as mentioned above, as shown in Fig. 7.

4.3  Influence mechanism of pore pressure on 
mechanical behaviors of coal

The pore pressure mainly produces a tensile stress 
in coal to promote the radial deformation during the 
triaxial compression test, and UCP would enhance 
the effect of pore pressure on the radial deformation. 
The larger pore pressure would cause lots of tensile 
cracks in the coal interior (Zhong et al. 2022). Espe-
cially, the irreversible tensile fractures would be pro-
duced and widened much more seriously in the plas-
tic deformation stage (Wang et  al. 2020), improving 
the permeability of coal (Zou et al. 2021; Cheng et al. 
2022). As a result, gas can easily enter into coal and 
further accelerate the failure process of shear expan-
sion or tension for coal. Therefore, the deformation 

(3)� =
Δw

c

Δw
f

of the  coal specimen would easier change from 
elastic deformation to plastic deformation, and the 
coal specimen would be damaged faster at the stress 
reduction  stage, with the increasing pore pressure. 
In this case, the elastic deformation stage decreases, 
the plastic deformation stage increases, and the stress 
decreases faster in the stress reduction stage, with the 
increasing pore pressure, as mentioned in Sect. 3.2.1. 
In addition, the faster deformation in radial direction 
can also cause a more rapid axial deformation within 
a unit axial stress increment. So, Ea reduces gradually 
with the increasing pore pressure (Raziperchikolaee 
et al. 2020), as shown in Fig. 11. Moreover, consid-
ering that the effect of pore pressure on the radial 
deformation of the coal specimen is more significant 
than the influence of pore pressure on the axial defor-
mation, va increases gradually with the increasing 
pore pressure, as shown in Fig. 11. Furthermore, the 
increase in pore pressure will cause more gas mole-
cules to be adsorbed on the surface of coal particles 
(Yin et  al. 2012), which would cause coal swelling, 
further destroy the compactness of coal and acceler-
ate the shear failure and tensile failure of coal. Ulti-
mately, the strength and axial strain at peak stress will 
reduce with the increasing pore pressure (Hu et  al. 
2018). These agree with the results of the coal speci-
mens tested under other stress path with unloading 
confining pressure for different pore pressures (Yin 
et al. 2015b).

4.4  Influence mechanism of temperature on 
mechanical behaviors of coal

The influence mechanism of temperature on mechan-
ical behaviors of coal can be summarized as the 
effect of temperature on coal matrix, pore gas and 
pore water. The effect on coal matrix: With the 
increase in temperature, changes such as mineral 
expansion, mineral decomposition, metallic bond 
fracture, and even minerals melting will occur in 
coal, leading to more severe damage to the micro-
structure of coal matrix. The microstructure varia-
tion will cause macro defects in coal, which will lead 
to the deformation properties of coal from elasticity 
to plasticity or ductility (Zhang et  al. 2022), which 
makes it quickly reach the critical point of failure. 
As a result, the mechanical behaviors of coal would 
sharply decline with the increase in temperature (Su 
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et al. 2020). In addition, the heterogeneity of coal is 
very prominent (Hu et al. 2022), the increase in tem-
perature will lead to stress concentration in coal, so 
it will accelerate the local failure of coal in the test-
ing process. The effect on pore gas: The molecular 
thermal movement of the coalbed methane (CBM, 
gas) in the pores of the  coal specimen will acceler-
ate with the increasing temperature, resulting in that 
an uneven expansion of CBM (the gas expansion in 
large pores is significant, while that in small pores 
is relatively insignificant), presenting as the increase 
of pore pressure. This increase of pore pressure will 
cause extension and extrusion damages to the coal 
specimen skeleton. Meanwhile, the non-uniform 
expansion of CBM will make gas molecules form a 
complex movement and impact the coal skeleton par-
ticles, which is more likely to cause instability in the 
coal skeleton structure tested under the LAS-UCP 
stress path. The effect on pore water: The coal speci-
mens used in our study are prepared form the natu-
ral coal block, there is a little free water and bound 
water in the coal. As well know, the performance 
of water in rock is highly affected by temperature, 
showing that the free water in rock will be released, 
the bound water, crystal water and structural water 
will escape from rock particles to form free water 
with the increase of temperature. In this case, some 
new micropores and microcracks would appear and 
the minerals compositions will also change, result-
ing in the changes of internal structure and chemi-
cal and physical characteristics of coal. This has 
a significant negative impact on coal mechanical 
behaviors (Zhang et al. 2021b). In general, due to the 
change of the three aspects affected by temperature 
as discussed above, the compressive  strength, axial 
strain at peak stress and Ea would decrease, the abso-
lute values of radial strain and volumetric strain  at 
peak stress, and va will increase with the increasing 
temperature, as a result, the coal would show poor 
mechanical behaviors.

4.5  Implication on the engineering practice

As mentioned in Sect.  2, the LAS-UCP stress path 
and the three analytical factors, which are designed 
according to the real situation of the horizontal well-
bore  drilling process in CBM reservoir, are strictly 
conducted in these triaxial compression tests. Thus, 
the mechanical behaviors of the coal specimens can 

reflect the properties of the coal surrounding the hori-
zontal wellbore during drilling process. Based on the 
results as presented in Sect. 3, the following recom-
mendations can be drawn for guiding the drilling 
operation of the horizontal wellbore in CBM reser-
voir: (1) A high drilling rate is recommended for drill-
ing the horizontal wellbore in CBM reservoir. But, 
as time goes on, the stress redistribution would also 
cause a damage of the coal surrounding the wellbore, 
thus, the well cementing operation should be done 
timely to guarantee the stability of the wellbore if the 
coal surrounding the wellbore has poor mechanical 
properties. (2) The underbalanced drilling technol-
ogy is suggested for drilling the horizontal wellbore 
in CBM reservoir, to let the gas flowing from forma-
tion to borehole, with the purpose of decreasing the 
pore pressure in coal seam. However, the bottom hole 
pressure must be designed scientifically and be con-
trolled strictly to maintain the wellbore stability. (3) 
The flow velocity of drilling fluid should be increased 
and the drilling fluid is recommended to be cooled 
before returning to the formation, thus, the heat 
would be carried out by the drilling fluid to reduce 
the temperature of the coal surrounding the wellbore.

The implication of the results obtained in this 
paper on the drilling engineering in coal seam is just 
a simple case to demonstrate the significance of our 
study. Actually, there are many other engineering 
constructions related to the coal seam, such as coal 
mining, tunnel excavation, slope engineering, etc., 
which have the same situation of the CBM reservoir 
drilling engineering. The results of this paper can 
also give an important reference for these engineering 
constructions related coal seam. Water has not been 
considered in these tests due to that the mud cake 
would prevent water in drilling fluid from entering 
into the formation according to the actual engineering 
condition of drilling operation. However, water is an 
important factor to impact the mechanical behaviors 
of coal for the other engineering constructions (Zou 
et  al. 2022; Liu and Liu 2022; Zhang et  al. 2021c), 
because these engineering constructions should use 
water for cooling or the surface water would enter 
into coal seam. Therefore, coupling the effects of the 
LAS-UCP stress path and water on the mechanical 
behaviors of coal should be further studied to reveal 
the physical and chemical influence mechanism of 
them.
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5  Conclusions

According to the stress redistribution of the coal sur-
rounding horizontal wellbore during drilling process, 
a series of triaxial compression tests was carried 
out to study the influence of axial loading rate, coal-
bed methane (CBM, gas) pore pressure and tempera-
ture on the mechanical behaviors of coal. The conclu-
sions can be drawn as follows:

(1) There is no obvious compaction stage of the 
coal specimens tested under the LAS-UCP stress 
path with different axial loading rates, pore pres-
sures and temperatures. The entire deformation 
process can be divided into elastic deformation 
stage, plastic deformation stage and stress reduc-
tion  stage. The radial deformation is significant 
for the whole deformation process and would 
accelerate with the increasing deviatoric stress.

(2) With the increasing axial loading rate, the elastic 
deformation stage becomes more significant, the 
plastic deformation stage becomes shorter, the 
stress reduction rate in the stress reduction stage 
increases, and the compressive strength increases 
linearly. The axial strain, the absolute values of 
radial strain and volumetric strain at peak stress 
increase gradually, and the apparent elastic mod-
ulus (Ea) increases linearly  with the increase of 
axial loading rate, however, the apparent Pois-
son’s ratio (va) shows an irregular change.

(3) With the increasing pore pressure, the elastic 
deformation stage decreases significantly, the 
plastic deformation stage increases observably, 
and the stress reduction stage decreases slightly. 
The compressive strength and axial strain at peak 
stress decrease linearly, and the radial strain and 
volumetric strain at peak stress have no change 
rule, the Ea decreases gradually, while the va 
increases, with the increasing pore pressure.

(4) With the increasing temperature, the elastic 
deformation stage decreases, and the plastic 
deformation stage increases, and the stress reduc-
tion rate in the stress reduction stage decreases. 
The compressive  strength, axial strain at peak 
stress, the Ea decrease linearly with the increas-
ing temperature, but the absolute values of radial 
strain and volumetric strain at peak stress and the 
va would increase.
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