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2019, 2020). However, the permeability evolution during 
the coal creep deformation has not yet been well under-
stood. For development and improvement of sustainable 
techniques and approaches to mining, understanding of the 
creep behavior and permeability evolution of coal is critical 
in engineering analysis of the construction of underground 
reservoirs or the excavation and stability of access paths/
tunnels in coal seams (Zhang et al. 2021b, c, 2022).

In the present study, triaxial creep-seepage tests are 
applied to coal samples from underground water reservoir. 
The relationship between creep behavior and permeability 
evolution for coal is quantitatively studied.

2  Coal samples and testing scheme

Triaxial creep-seepage tests are performed at ambient 
temperature of 25 ℃ with rock servo-controlled triaxial 
equipment (Fig. 2) under drained condition. The cylindri-
cal samples are taken from the Meihuajing coal mine in 
Ningxia Hui Autonomous Region of China. The specimens 
have a length of 100 mm and a diameter of 50 mm.

Two coal specimens are tested under different axial stress 
conditions. Before the test, all samples are fully saturated 
with water in vacuum. The samples are loaded to the hydro-
static pressure of 2 MPa at a rate of 0.1 MPa/s. Then the 
axial stress is increased stepwise to a predetermined value 

1  Introduction

Underground water reservoir technology is an effec-
tive approach to mitigate the potential damages to water 
resources in arid regions, which exploits the interspace in 
the goaf formed by coal mining, connects the section coal 
pillars with artificial dams, and builds mine-water storage 
and intake facilities, initially achieving simultaneous extrac-
tion of coal and water Gu 2015; Kong et al. 2021; Yao et al. 
2019, 2020; Zhang et al. 2021a; Zhao et al. 2021).

The creep process of a coal pillar dam is one of the key 
factors that determines the stability of an underground res-
ervoir. As shown in Fig. 1, the coal pillar dam is not only 
subjected to the triaxial pressure, but also the hydraulic 
pressure in the bedding direction of the coal seam (Tang et 
al. 2019). Therefore, the design of a coal pillar dam must 
consider the creep behavior (Namjesnik et al. 2022). Time-
dependent deformation is significant as a long-term process 
influencing coal permeability (Yang et al. 2015; Zhou et al. 
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Abstract
Using goof as water storage space plays a vital role in the ecological environment and economic development of arid 
mining areas, while the rock strength and the stability of coal pillars in underground water reservoirs are closely related 
to creep process. In this work, triaxial creep-seepage tests were conducted for coal samples to develop new insights into 
the creep behavior and permeability evolution. The results showed that the creep deformation and permeability evolu-
tion of coal samples exhibit three stages, namely, the compaction hardening stage before the stress threshold, volumetric 
compaction stage, and volumetric dilatancy stage. The coal permeability decreases first and then increases with the creep 
strain and it is well correlated with the variation of volumetric strain.
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until the failure of samples, under a constant radial stress of 
2 MPa. A pore pressure of 1 MPa is applied to the samples, 
and the permeability is measured, keeping the stress state 
unchanged. The steady state method is employed to deter-
mine the permeability of coal. The details on permeability 
test principle can be found in Zhou et al. (2019).

3  Results and discussion

3.1  Creep deformation

The strain and permeability evolution versus time during 
the creep tests are shown in Fig.  3. The strain and strain 
rate as well as permeability at each stress level are plot-
ted in Fig. 4. The axial strain behavior gradually presents 
time-dependent creep characteristics. The volumetric strain 

switches from compaction-dominated to dilatancy-domi-
nated. Correspondingly, the permeability firstly decreases 
and then increases. Therefore, in the creep test of coal, a 
threshold stress exists.

Under low stress, the coal samples just show transient 
strain. As the stress is increased, the axial strain exhibits 
time-dependent deformation, that is, decelerating creep rate 
and steady state creep. Under high pressure, the axial strain 
increases significantly with time, showing an accelerat-
ing creep stage. Coal sample 1 fails intermediately when 
loaded to axial stress of 22.5 MPa. Failure of coal sample 2 
is finally induced by compressive cataclastic failure during 
accelerating creep stage owing to the growth and coales-
cence of cracks.

Under low axial stress, volumetric strain shows transient 
response and no time-dependence. With the gradual increas-
ing stress, the volumetric strain increases correspondingly. 
As the stress continues to increase, the volumetric strain 
turns to decrease, indicating that the volumetric strain 
switches from the compaction to dilatancy. Under higher 
stress, the volumetric dilatancy is more significant.

3.2  Permeability evolution

The permeability decreases first and then increases dur-
ing creep. As shown in Fig. 4, under low axial stress, the 
permeability decreases slowly. As the creep time increases, 
the permeability of the coal sample shows a downward 
trend. After a period of creep deformation, the permeabil-
ity decreases slightly with the increase of axial stress. As 
stress increases, the permeability continues to decrease but 
with a larger decreasing rate. When the stress threshold is 
reached, the volumetric strain switches from the compaction 
to dilatancy, and the permeability increases gradually due to 
the crack development in the sample. The creep deforma-
tion and permeability evolution of each sample have three 

Fig. 2  Schema of rock servo-controlled triaxial equipment

 

Fig. 1  Schematic diagram of 
underground reservoir in coal 
mine and analysis of force of coal 
pillars (Tang et al. 2019)
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stages: (1) compaction hardening stage, (2) volumetric com-
paction stage, (3) volumetric dilatancy stage.

(1)	 Compaction hardening stage This stage corresponds 
to the stress up to the stress threshold of creep. As the 
axial stress is increased from hydrostatic pressure of 
2  MPa up to the threshold stress, just transient strain 
is observed without significant time-dependent volu-
metric deformation. Correspondingly, the permeability 
decreases slowly in this stage. This is due to the tran-
sient compaction and closure of microcracks in the coal 

under loading. The seepage channels are narrowed, thus 
contributing to the decrease of permeability.

(2)	 Volumetric compaction stage As the stress reaches the 
stress threshold of creep, the coal deformation shows 
decelerating creep and steady creep in addition to the 
transient deformation in this stage. Meanwhile, the vol-
umetric deformation shows time-dependent compres-
sive deformation. At each stress level, the permeability 
continues decreasing with creep until keeping constant 
when the axial strain and volumetric strain stabilize. 
This may be attributed to the microstructural adjust-
ment, such as particle dislocation and sliding, etc., 

Fig. 3  Strain and permeability 
evolution cures of coal during 
creep
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permeability. The continuous microstructural adjust-
ment of coal results in equilibrium and uniform distri-
bution of deformation adjusting to meet the new stress 
state, meaning that the coal sample enters steady creep 

under a stress above the threshold. The axial strain grad-
ually exhibits time-dependent decelerating creep with 
an increase of compressive volumetric strain. The seep-
age channels are compacted continuously in the pro-
cess of microstructural adjustment, resulting in a lower 

Fig. 4  The strain rate and perme-
ability changing with time under 
different axial stresses
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stage. At the same time, the volumetric compressive 
strain rate and permeability tend to stabilize.

(3)	 Volumetric dilatancy stage With the increase of stress 
level, the axial strain increases significantly, show-
ing accelerating creep characteristics. The volumetric 
strain turns to decrease as volumetric dilatancy gradu-
ally becomes predominant, as a result the permeability 
begins to increase gradually. This is mainly caused by 
the accumulation of continuous creep deformation. In 
this stage the internal damage develops rapidly as well 
as the seepage channels. Thus dilatancy strain and per-
meability increase rapidly.

3.3  Relation between stress-strain and 
permeability evolution

The relation of permeability-axial strain is presented 
in Fig.  5, and permeability-volumetric strain in Fig.  6. 
The permeability evolution is closely correlated with the 
axial strain as well as volumetric strain. The evolution of 
permeability with volumetric strain is similar to that of 
permeability with axial strain. The overall permeability 
evolution is well correlated with the change of volumet-
ric strain.

4  Conclusions

This article reports the results of triaxial creep-seepage 
tests of coal cored from an underground water reser-
voir. The time-dependent deformation and permeability 
evolution in coal pillars for dams in underground stor-
age reservoirs are studied in course of creep tests. The 
results lead to the following conclusions:  (1) The creep 
deformation and permeability evolution of coal samples 
undergoes three stages, namely, the compaction harden-
ing stage before the stress threshold, volumetric compac-
tion stage, and volumetric dilatancy stage. The curves 
of permeability variation–strain show the obvious non-
linearity and the evolution feature of each stage. (2) The 
coal permeability decreases first and then increases with 
the creep strain and it is well correlated with the varia-
tion of volumetric strain. (3) There is a threshold stress 
existing in the process of transition from compression to 
dilatancy. Therefore, the volumetric strain can be a good 
indicator of rock damage and offer a different viewpoint 
to determine the long-term strength.
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Fig. 7  Volumetric strain and permeability evolution cures

 

Fig. 6  Axial strain and permeability evolution cures

 

Fig. 5  Relation between permeability evolutions and stress
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