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Coal seam gas is a critical substance because it can be a source of a large quantity of clean energy as well as a dangerous source of
risk. A pressure relief gas drainage is an effective and widely used method for coal seam gas recovery and gas disaster control in coal
mines. A series of pressure relief gas drainage experiments were conducted using large-scale coal samples under different unloading
stress paths in this study to explore the unloading stress paths. From the experimental results, the dynamic evolutions of gas
pressure, coal temperature, and gas production were analyzed. The trends of gas pressure and coal temperature during pressure
relief gas drainage were similar: dropping rapidly first and then slowly with time. Correspondingly, gas production was fast in
the early stage of pressure relief gas drainage and became stable thereafter. Meanwhile, gas flow characteristics were significantly
affected by the unloading stress paths. Gas pressure and coal temperature had the maximum descent by unloading stress in
three directions simultaneously, and the unloading stress of the Z direction had the minimal impact when only unloading in
one direction of stress. However, the influence of unloading stress paths on gas production was complex and time dependent.
The difference coefficient parameter was proposed to characterize the influence degree of unloading stress paths on the pressure
relief gas drainage effect. Eventually, the selection of unloading stress path under different situations was discussed based on
time, which is expected to provide the basis for pressure relief gas drainage.

1. Introduction

With the rapid industrialization development, the consump-
tion of the fossil fuel that is a nonrenewable resource is
increasing day by day. Coal seam gas is an accessory product
of the coalification process, which mainly produces methane
and low concentrations of carbon dioxide, nitrogen, hydro-
gen sulfide, sulfur dioxide, and heavier hydrocarbons [1–5].
The total world reserves of coal seam gas are estimated to
be 262 trillion m3, and it has received increasing interest from
many countries including USA, Australia, Canada, and
China [6, 7]. However, coal seam gas is a double-edged
sword, which cannot only be a source of high quality clean
energy in large quantities but also is a dangerous source of
risk in coal mines [8–10]. Coal seam gas with high pressure
and high content can easily induce coal-gas dynamic

disasters, e.g., coal and gas outburst, and coal gas explo-
sion [11–13]. Therefore, high-efficient gas drainage is very
important for the safety production of the coal mine.

The reserves of China’s coal seam gas with a burial depth
of below 2000m are estimated to be 36.8 trillion m3, which is
more than that of shale and tight gas [14, 15]. However, coal
seams in China are characterized by low gas saturation, low
permeability, low reservoir pressure, and a relatively high
metamorphic grade [16, 17]. For example, the permeability
of most coal seams in China ranges from 10-4 to 10-1mD,
which is three to four orders of magnitude lower than that
of most countries around the world [18, 19]. To improve coal
seam gas recovery and control gas disasters, the technology of
pressure relief gas drainage is proposed, which is widely used
for the low permeability coal seam in China. Yuan
expounded the theory and technology of pressure relief gas
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drainage systematically and demonstrated the successful
application of pressure relief gas drainage in Huainan coal-
field in 1998 resulting to an increase in gas production from
10 million m3 to 2500 million m3 in ten years [20]. Subse-
quently, increased in-depth research has been carried out
on pressure relief gas drainage technology.

Zhang et al. explored the effect of gas pressure on gas per-
meability during pressure relief gas drainage and found that
permeability and its sensitivity to gas pressure decreased with
increasing effective stress or external stress [21, 22]. Yin et al.
carried conducted a series of experiments to study the
mining-induced mechanical behavior, gas permeability, and
acoustic emission evolution of coal under triaxial loading
and unloading conditions [23, 24]. Chen et al. studied the
stress-strain relationship and its influence on permeability
during the confining pressure stress unloaded by X-ray com-
puterized tomography (CT) scanning [25]. Wang et al. con-
cluded that the permeability and gas production can be
improved by imposing effective loads on original coal seams
through mining speed control during pressure relief gas
drainage [26]. Shang et al. compared the pressure relief gas
drainage effect by surface well drilling and the use of net-
like penetrating boreholes (NPB) in Panyi Coal Mine, and
their findings indicated that the average gas extraction con-
centration and average extraction purity of surface wells were
higher than those of NPB by approximately 124.4% and
64.7%, respectively [27].

Most of the aforementioned studies are focused on the
permeability evolution of coal under different unloading
stress paths, and the coal samples used are small-scale mak-
ing it difficult to study the parameter variation inside the coal
and the drainage effect. Therefore, a series of pressure relief
gas drainage experiments using large-scale coal samples
under different unloading stress paths were conducted to
explore the selection of unloading stress paths in this study
considering the long term, high cost, and poor repeatability
of pressure relief gas drainage tests in coal mine site.

2. Experimental Methods

2.1. Laboratory Device. The experiments of pressure relief gas
drainage under different unloading stress paths are carried
out using a large-scale multifunctional (LSMF) device. The
LSMF device can simulate gas flow experiments (e.g., coal
bed methane (CBM) drainage, carbon dioxide sequestration,
carbon dioxide-enhanced CBM recovery (CO2-ECBM)), and
gas outburst disasters in laboratory that is described amply in
Zhang et al. [28]. The LSMF device is comprised of a coal
specimen box, a true triaxial loading system, a fast coal unco-
vering system, a gas flow system, a data acquisition system,
and a specimen shaping system. The effective space of the
coal specimen box is 1050mm × 400mm × 400mm. The
true triaxial loading system has nine sets of loading plates
at three directions of the coal specimen box, which can be
servocontrolled independently to realize different loading
and unloading paths.

2.2. Sample Preparation. The experimental coal is taken from
Jinjia Coal mine, which is located at the border of Guizhou

and Yunnan provinces of China. Western Guizhou and East-
ern Yunnan are the largest coal-producing region in South
China and has a potential for high CBM yield [29]. The
reconstructed coal sample is used in this study considering
the difficulty to gain a large-scale raw coal, and the prepara-
tion of coal sample includes sampling, pressing, screening,
and shaping [30]. The coal sample is divided into four layers
and every layer is pressed for 1 h under a shaping stress of
7.5MPa [15]. During the shaping stage, the gas drainage
boreholes numbered I and II, the gas pressure sensors num-
bered P1-P40, and the temperature sensors numbered T1-
T7 are fixed inside the coal sample as shown in Figure 1.
The length of the boreholes is 330mm and consists of the
drainage section (the red part, 160mm in length) and the
sealing section (the blue part, 170mm in length).

2.3. Experimental Design. The variables considered in the
experiments are the unloading stress paths as shown in
Figure 2. The initial stress in three directions (i.e., X direc-
tion, Y direction, and Z direction) is all 4.0MPa. The stress
is produced by unloading through different paths after the
coal sample is saturated with a pore pressure of 1MPa and
the unloading stress rate is 2MPa/min. The gas drainage
experiment with the unloading stress path of OA is carried
out first to study the drainage effect when the stress in the
three directions is unloaded at the same time. The valves in
the gas outlet are opened to start the gas drainage process
while σX , σY , and σZ decline to 0.1MPa. The experimental
parameters of gas pressure, temperature, and gas flow rate
are recorded automatically until the end. To compare the
gas drainage effect under the different unloading stress paths,
the gas drainage experiments with the unloading stress paths
of OB, OC, and OD are conducted in turn. During the
unloading stress path of OB, σX drops to 0.1MPa with AN
unloading rate of 2MPa/min while σY and σZ remain
unchanged at 4.0MPa. In addition, σY drops to 0.1MPa dur-
ing the unloading stress path of OC and σZ drops to 0.1MPa
during the unloading stress path of OD.

3. Results and Discussion

3.1. Gas Drainage Effect with Stress Unloaded in Three
Directions. Figure 3 shows the dynamic evolution of gas pres-
sure with the unloading stress path of OA. The linear dis-
tance between the four gas pressure sensors (P3, P4, P5,
and P6) and the borehole is 280mm. As shown in
Figure 3(a), the gas pressure curves of four sensors are almost
coincident, which decline quickly at first and then drop
slowly. The gas pressure drops from 1.0MPa to 0.03MPa
after 8 h of gas drainage. The gas pressure sensors of P13,
P14, P15, and P16 are fixed near the outer wall of borehole.
However, the pressure evolution trend of four sensors shows
significant differences. The sensor of P15 is located near the
middle of the drainage section of borehole, and P15 gas pres-
sure drops faster than that of the other three sensors. The
sensors of P13 and P14 were located near the sealing part of
THE borehole, and the gas pressure decreases at the slowest
rate. The sensor of P16 is located at the front of the drainage
section of borehole, and the gas pressure descent rate is
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average which is a little larger than that of P13 and P14, as
shown in Figure 3(b).

The gas pressure of 12 gas pressure sensors along the line
x = 200mm, y = 250mm, and z = 40–1010mm at different
times are shown in Figure 3(c). It is apparent that the gas
pressure at the drainage section of the borehole is always
minimum at any time. The gas pressure at borehole I and
borehole II is 0.57MPa and 0.33MPa after drainage of
1min, respectively. However the gas pressure at other posi-
tions is still almost equal to the initial gas pressure. After
gas drainage time of 8 h, the gas pressure at borehole I and
borehole II is about 0.1MPa and the gas pressure at other
positions is approximately 0.03MPa. That is, the decreasing
rate of gas pressure reduces with the increase of distance
from borehole and the difference between gas pressures at
different positions decreases as the gas drainage progresses.

Gas desorption is an endothermic process that contrib-
utes to the drop in the coal temperature during gas drainage.
Therefore, the variations of temperature at different positions

are calculated and the curves of ΔT1, ΔT2, ΔT3, and ΔT4 are
shown in Figure 4(a). We observe an overall trend of temper-
ature drop similar to that of gas pressure during gas drainage:
the fast and then slow drop rate in temperature and gas pres-
sure. At the same time, the temperature sensor of T3, located
near the middle of the drainage section of borehole, drops at
the fastest rate during the whole drainage process with the
final maximum drop of 12.5°C at last. The temperature sen-
sor of T1, located farthest from borehole, drops at the slowest
rate during the whole drainage process with a final minimum
drop of 9.7°C. The temperature sensors of T2 and T4 are
located at the same distance from borehole. However, the
drop rate of T4 is faster than that of T2, especially after
90mins of gas drainage. At last, the temperature drop of T2
is 11.8°C but the temperature drop of T4 is 12.4°C which is
almost equal to that of T3.

The temperature drop curves of 7 temperature sensors
along the line x = 200mm, y = 250mm, and z = 152–
936mm at different times are shown in Figure 4(b) showing
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Figure 1: Positions of gas pressure sensors and temperature sensors.
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that the temperature of coal near boreholes drops fastest,
followed by that between boreholes and far away from
boreholes. As the gas drainage progresses, the temperature
of coal between two boreholes (i.e., T4) is close to that
near the boreholes, which indicates that two adjacent
boreholes make the temperature of coal between borehole
drop faster. This is mainly because that borehole interac-
tion can accelerate the gas desorption of coal between
boreholes and lead to the temperature of coal between
boreholes declining faster [3].

Figure 5(a) shows the gas flow rate and gas production of
different branch boreholes during gas drainage. The gas flow
rate of borehole I (i.e., qI) has a maximum of 39.86 L/min at
the beginning, then decreases with the gas drainage and
finally drops to 0.45 L/min. Similarly, the gas flow rate of
borehole II (i.e., qII) has a maximum of 40.78 L/min at the
beginning, then decreases with gas drainage and finally drops
to 0.35 L/min. However, the difference between gas produc-
tion of borehole I (i.e., QI) and gas production of borehole
II (i.e., QII) increases gradually with the process of gas
drainage, then QI and QII reach 1285.34 L and 1219.43 L,
respectively. The different drainage effects between two
branch boreholes are mainly because of the incompletely
homogeneous coal [31]. Therefore, the total gas flow rate
and gas production of boreholes are critical, as shown in
Figure 5(b). It can be seen that q (i.e., qI + qII) has the same
evolution trend of qI and qII and Q (i.e., QI +QII) has the
same evolution trend of QI and QII. The difference is that
the peaks of q and Q are significant reaching 80.64 L/min
and 2054.77 L, respectively.

3.2. Gas Flow Characteristics under Different Unloading Stress
Paths. In order to study the influence of unloading stress
paths on gas flow characteristics, gas pressure, or temperature
at the same position during different experiments were com-
pared together. Three types of sensor positions were chosen,
namely, the position near boreholes, the position between
boreholes, and the position far away from boreholes. The
curves of P25, P29, and P40 during different experiments are
shown in Figure 6.As can be seen fromFigure 6(a), four curves
have a sharp drop in the initial stage due to four gas pressure
sensors that are close to borehole I. The curves of P25-XYZ
and P29-Z almost coincide, and they are lower than the curve
of P25-Y while the curve of P25-X remains the highest during
the whole drainage process demonstrating that the unloading
stress in the Z direction, and three directions has themost sig-
nificant effect on gas pressure decline near the boreholes. The
curvesofP29andP40duringdifferent experimentshavea sim-
ilar evolution trend.P29andP40drop the fastestwhenunload-
ing stress is in the three directions and drop the slowest when
unloading stress in the Z direction. The impact of unloading
stress in the X direction and Y direction on P29 and P40 is
almost the same, as shown in Figures 6(b) and 6(c).

The curves of ΔT3, ΔT4, and ΔT6 during different exper-
iments are shown in Figure 7. As shown, coal temperature
has the maximum descent when unloading stress is in the
three directions and has the minimum descent when unload-
ing stress is in the Z direction. ΔT3 of unloading stress in X
direction is bigger than that in Y direction when temperature
sensors are near the borehole and are similar when tempera-
ture sensors are between boreholes and far away from
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Figure 2: Unloading stress paths of pressure relief gas drainage experiments.
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boreholes. In summary, gas flow characteristics are signifi-
cantly affected by the unloading stress paths. Gas pressure
and temperature have the maximum descent by unloading

stress in the three directions and unloading stress of Z direc-
tion has the minimal impact only if the unloading stress is in
one direction.
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3.3. Gas Drainage Effect under Different Unloading Stress
Paths. Total gas flow rate and gas production of two bore-
holes during different experiments are shown in Figure 8(a)
demonstrating the impact of unloading stress paths on the
gas drainage. Total gas flow rate peaks at the beginning of
gas drainage and is 80.64 L/min, 80.54 L/min, 81.14 L/min,
and 76.27 L/min with stress unloaded in three directions,
namely, X direction, Y direction, and Z direction, respec-
tively. The difference in the gas flow rates decreases gradu-
ally, which all have a minimum of 0.83 L/min after drainage
of 8 h. Correspondingly, total gas production of four experi-
ments are 2504.77 L, 2380.66 L, 2375.11 L, and 2287.00 L at
last. It is apparent that the total gas production with stress
unloaded in three directions is the highest and that with
stress unloaded in Z direction is the lowest.

Total gas production is one of the key parameters indicat-
ing the gas drainage effect and the total gas production out-
puts at different drainage times with different unloading
stress paths are compared further as shown in Figure 8(b).

The total gas production outputs of the three different
unloading stress paths are 1108.23 L, 992.18 L, 977.00 L, and
883.93 L after drainage of 30mins. The total gas production
with stress unloaded in three directions is the highest and
serves as the control group and therefore the difference coef-
ficient of gas production is defined below.

k = Q‐i −Q‐XYZ
Q‐XYZ × 100% i = X, Y , Z, ð1Þ

Here, k is the difference coefficient of gas production.
The difference coefficients of the three experiments are

-10.5%, -11.8%, and -20.2% after drainage of 30mins indicat-
ing that the gas production declines when unloading stress in
the Z direction is the largest. However, the difference coeffi-
cients of three experiments change to -7.3%, -8.2%, and
-13.9% after drainage of 120mins and finally change to
-5.0%, -5.2%, and -8.7%. It is clear that the difference
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coefficient of gas production is not only affected by unloading
stress paths but also the drainage time.

3.4. Implication for Unloading Stress Path Selection. From the
experimental results, the selection of unloading stress path is
very important before pressure relief gas drainage, especially
when only one direction of stress can be unloaded. Moreover,
the effect of pressure relief gas drainage is controlled by
unloading stress path and drainage time at the same time,
as shown in Figure 9. From the evolution of three curves,
we conclude that the gas production when unloading stress
is in the Z direction has the largest drop followed by that
when unloading stress is in the Y direction and then that
when the unloading stress is in the X direction. That is to
say, unloading stress in the three directions is the best
unloading stress path, while unloading stress in the X direc-
tion is the best unloading stress path if only one direction
of stress is chosen. Therefore, three directions of stress should
be unloaded before pressure relief gas drainage to achieve the
desired site conditions. Notably, it is possible that only one
direction of stress can be unloaded considering the complex
conditions, the difficulty, and long period of unloading stress.

Figure 9 shows that the evolution trends of the three
curves are time dependent. The distribution area of the
difference coefficient of gas production can be divided into
three parts taking -5% and -10% as the demarcation
points, namely, light green area, light yellow area, and
light red area. The gas drainage effect can be considered
to be approximately equal to that with three directions
of stress unloaded in the light green area but they have
a small gap in the light yellow area and a large gap in
the light red area. As a result, the gas drainage effect in
a single direction of stress unloaded is poor when con-
ducting a short-term gas drainage (i.e., drainage period
before line A) and the gas drainage effect in the X direc-
tion or Y direction of stress unloaded is feasible when

conducting a medium-term gas drainage (i.e., drainage period
between lines A and B) and the gas drainage effect in the Z
direction of stress unloaded is satisfied only when conducting
a long-term gas drainage (i.e., drainage period after line B).

In conclusion, the selection of unloading stress path
before pressure relief gas drainage can be implemented
as follows: Three directions of stress unloaded at the same
time is the best selection of unloading stress path if condi-
tions are favorable. The X direction of stress unloaded is
the most suitable selection of unloading stress path if only
one direction of stress is unloaded, followed by the Y
direction of stress unloaded. The Z direction of stress
unloaded is a viable selection of unloading stress path only
for the long-term gas drainage.

4. Conclusions

Physical experiments of pressure relief gas drainage under
different unloading stress paths were conducted using an
LSMF device. Gas pressure, coal temperature, and gas flow
rate were monitored during the whole drainage period. Gas
pressure declines accompanied by a decrease in the coal tem-
perature during drainage showed a similar evolution trend:
dropping fast in the early stage and then declining slowly.
At the same time, gas flow characteristics were significantly
affected by unloading stress paths. Gas pressure and coal
temperature had the maximum descent by simultaneously
unloading stress in three directions and unloading stress of
the Z direction had the minimal impact since only unloading
was in one direction of stress. The influence of unloading
stress paths on pressure relief gas drainage effect was time
dependent, and the following conclusions are drawn: Three
directions of stress unloaded is the best selection of unload-
ing stress path if conditions permit. The X direction of stress
unloaded is the best selection of unloading stress path if only
one direction of stress can be unloaded, followed by the Y
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direction of stress unloaded. The Z direction of stress
unloaded is a viable selection of unloading stress path only
for the long-term gas drainage.
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