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Abstract
Water plays a crucial role in underground engineering, significantly influencing the short-term and long-term strength and 
deformation behavior of rocks. Understanding the mechanics of rock deformation under water–rock coupling is vital for 
assessing the stability of underground structures. In this study, short-term strength compression and creep experiments were 
conducted on sandstone samples with varying water contents. Critical water contents (0%, 0.8%, 1.6%, 2.4%, and 3.3%) 
were determined through water absorption experiments, with corresponding tests performed under confining pressures of 
0 MPa, 6 MPa, 9 MPa, and 12 MPa. Results revealed an exponential decrease in uniaxial compressive strength and elastic 
modulus with increasing water content, while confining pressure influenced radial deformation, leading to a linear increase 
in compressive strength. Water content also significantly impacted micro-cohesion and internal friction angle, with cohesion 
being more sensitive to water. The creep experiment demonstrated a deformation trend similar to compressive strength, with 
analysis revealing three stages of creep deformation: viscoelastic, plastic, and nonlinear acceleration. Critical strengths enter-
ing different stages were identified, with their ratio to compressive strength stabilizing between 0.44–0.59 and 0.59–0.74. A 
strain parameter εac, related to steady-state and accelerated creep failure time, showed little correlation with water content but 
exhibited a linear relationship with confining pressure. Short-term and long-term failure modes of sandstone were analyzed, 
indicating a transition from “X-shaped” conjugate shear failure to single oblique shear failure with changing confining pres-
sure and water content. Mitigation measures, such as groundwater isolation and the application of high confining pressure, 
were identified as effective means to mitigate long-term rock deformation's adverse effects on structural integrity in onsite 
engineering projects, ensuring structural stability throughout construction. The study's findings and data are crucial for 
informing the long-term stability of engineering structures.

Highlights

1.	 Water content significantly affects the short-term and long-term strength and deformation behavior of rocks.
2.	 The creep behavior of rocks is influenced by water content, confining pressure, and shear stress.
3.	 The water content and confining pressure affect the formation and evolution of cracks in rocks during creep.
4.	 Different failure modes are observed in rocks, depending on water content and confining pressure.
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1  Introduction

Mineral resource exploitation has been increasing in depth 
due to the growth of resource and engineering demands (He 
and Wang 2023; Kang et al. 2023), resulting in complex 
geological conditions surrounding rocks. Rock creep refers 
to the process of gradual growth and development of rock 
deformation under sustained stress, which affects the long-
term stability of rock engineering, and creep destabiliza-
tion damage is increasingly evident in the current process 
of deep-buried tunnels and deep resource extraction (Li and 
Xia 2000; Fabre and Pellet 2006; Damjanac and Fairhurst 
2010; Tran et al. 2021; Sun et al. 2023a). Meanwhile, in 
the process of construction and utilization, rock engineering 
often encounters aquifers, leading to continuous water ero-
sion of the ore column, making the rock prone to softening 
and deformation, resulting in instability damage. The sof-
tening of rocks by water not only weakens their short-term 
strength but also adversely affects their long-term strength 
(Vasarhelyi and Ván, 2006; Nara et al. 2017; Zhang et al. 
2023).

Numerous domestic and international scholars have 
extensively researched the short-term strength of different 
rock types. By studying the compressive strength, elastic 
modulus, tensile strength, and other parameters of rocks 
under varying water contents, it has been discovered that 
the strength of rocks mainly decreases when the saturation 
is less than 20%. The strength decrease is not significant at 
higher saturation levels (Vergara and Triantafyllidis 2016; 
Roy et al. 2017; Zhou et al. 2018; Zhu et al. 2021; Sun et al. 
2023c). The uniaxial compressive strength, elastic modulus, 
and tensile strength of rocks decrease by 60–90% from the 
dry state to the saturated state. The peak strength and resid-
ual strength increase with increasing confining pressure, and 
the degree to which water content affects the various param-
eters of rocks decreases with increasing confining pressure 
(Gao et al. 2015; Wu et al. 2018; Li et al. 2020; Fu et al. 
2021; Chen et al. 2023). Mineral composition and poros-
ity (Li et al. 2011; Wasantha and Ranjith 2014; Zhou et al. 
2021) can also affect rock softening. Sun et al. (2023a, b, c, 
d d) investigated the variation of clay mineral composition 
and the effect of clay mineral content on short-term strength 
under the influence of different water contents.

Numerous experimental studies on the creep mechanical 
properties of different rocks have been conducted by schol-
ars at home and abroad to explore the long-term strength 
of rocks (Yang and Jiang 2010; Huang et al. 2021; Yang 
et al. 2022; Zhang et al. 2022). They analyzed the relation-
ship between the creep properties of soft rocks, including 
strength, elastic modulus, creep rate, and stress and time. 
Some scholars have also studied the effects of temperature, 
pore pressure, and freeze–thaw on the creep mechanical 

properties of rocks (Ngwenya et al. 2001; Heap et al. 2009; 
Yang et al. 2014; Chen et al. 2018; Yang and Jiang 2022; 
Yu et al. 2023). Sandstone has good homogeneity and struc-
tural stability, which is why numerous rock projects have 
been chosen in sandstone formations (Su et al. 2021; Tang 
et al. 2023). For the study of time-dependent deformation in 
sandstone, Tian et al. (2015) performed the time-dependent 
behavior of argillaceous red sandstone under high in situ 
stress and observed nonlinear changes in creep strain and 
volume expansion. Zhao et al. (2021) studied the rock creep 
AE model and the characteristics of AE during the accel-
erating creep stage. Pan and Zhou (2022) studied the creep 
damage mechanism of sandstone by combining the change 
characteristics of porosity and the characteristics of creep 
deformation of sandstone sample during the creep stage. 
Additionally, scholars have conducted water–rock coupling 
creep experiments on various rocks to study the influence of 
water–rock coupling on long-term strength (Yu et al. 2019; 
Yan et al. 2020; Lin et al. 2022). The experiments found 
that saturated samples enter the creep deformation stage 
at lower stress levels, and the cumulative creep deforma-
tion of saturated samples is much greater than that of dry 
samples (Liu et al. 2021; Li et al. 2022; Tang et al. 2022). 
The elastic modulus and uniaxial compressive strength sig-
nificantly decrease with increasing water content, and the 
creep deformation and steady-state creep rate increase with 
increasing water content (Tang et al. 2018; Mei et al. 2021). 
Considering the deteriorating effect of water content on rock 
strength, Deng et al. (2016) studied the effect of water–rock 
cycle times on the creep deformation law of sandstone and 
found that the creep damage stress and long-term strength 
decreased by 55% and 60%, respectively, after the first three 
water–rock cycles. Sun et al. (2021) and Sun et al. (2023b) 
conducted uniaxial compression creep experiments on 
sandstone under different water contents and found that the 
creep damage stress and long-term strength of sandstone 
decrease exponentially with increasing water content, and 
the attenuation creep stage time decreases with increasing 
water content and increases with increasing stress level. Lin 
et al. (2022) conducted triaxial compression creep experi-
ments on sandstone under different water contents (confining 
pressure of 20 MPa), and found that the instantaneous strain, 
creep strain, and steady-state creep strain rate significantly 
increased with increasing water content and stress level, 
shortening the shear dilation time and failure time. Li et al. 
(2022) conducted graded unloading triaxial creep tests on 
shale with different water contents and found that the creep 
deformation of shale is affected by both confining pres-
sure and saturation coefficient. Tang et al. (2018), Yu et al. 
(2019), Chen et al. (2021), and Tang et al. (2022) studied 
the effect of immersion conditions on the creep deforma-
tion law of rock sample sand found that the creep defor-
mation of rocks is affected by the immersion temperature, 
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immersion time, and water content. The creep deforma-
tion rate increases with increasing immersion temperature, 
immersion time, and water content. The creep deformation 
of rocks is also affected by the mineral composition, poros-
ity, and microstructure of the rock samples (Yang et al., 
2021; Zhou et al., 2022). The vast majority of previous 
experiments were conducted under specific water content 
conditions, such as dry, natural, saturated, and single pres-
sure states. These studies do not provide a comprehensive 
understanding of the entire rock creep process under vary-
ing water content and confining pressure conditions. Fur-
thermore, the investigation into the coupling effect between 
pressure at different depths and creep stress within the study 
of creep laws remains an area requiring further investigation.

In summary, the long-term strength of rocks is influ-
enced by a variety of factors, including water content, 
confining pressure, mineral composition, porosity, and 
time. Understanding the creep properties of rocks is cru-
cial for the design, construction, and maintenance of rock 
engineering. Therefore, this paper combines the practical 
problems of the Wanfu coal mine project, takes the −950 
level pump house access sandstone as the research object, 
conducts graded loading creep experiments according to 
the key water content state established by water absorp-
tion experiments, and simultaneously considers the 
three-dimensional stress state of the surrounding rock 
at different depths to carry out creep experiments, to 
deeply study the creep and deformation law of sandstone 
under the hydrodynamic coupling effect. The research 
results have enriched the field of rock creep mechan-
ics and enhanced the understanding of sandstone creep 
mechanical properties under hydraulic coupling.

2 � Creep Experiment Preparation

2.1 � Engineering Background

The Wanfu Coal Mine, situated in the southern part of 
Juye Coalfield in Heze City, Shandong Province, China, 
possesses the thickest alluvial layer cover among all 
mines in the country. The mine is divided into two levels: 
the −820 level and the −950 level. The horizontal pump 
room at a depth of approximately 1040 m is affected by 
direct water-filling aquifers in the roof and floor. Between 
November 2016 and February 2019, the mine had a 
monthly average water inflow of up to 485.7  m3/h (in 
August 2017), with an average of 219.09 m3/h. The mine's 
high groundwater influence, high burial depth, and high 
stress levels have resulted in varying degrees of damage 
to the chambers. Combined with the dense layout of the 
chambers and the high level of construction disturbances, 

this has posed a significant challenge to the construction 
of the mine. Therefore, studying the creep mechanical 
properties of rocks under different water content and dif-
ferent confining pressure states is of great significance for 
the safe and efficient mining of Wanfu coal mine.

2.2 � Sample Preparation

On-site drilling of rock cores and processing them into cylin-
drical samples (Φ50*100 mm) were performed according 
to the recommended standards of the International Society 
of Rock Mechanics (ISRM) (Hawkins et al. 2009), which 
ensured that the surface flatness and parallelism of the upper 
and lower ends were within the specified error range. The 
average wave speed was 3.52 km/s, and samples with similar 
wave speeds were selected for the experiments. X-Ray Dif-
fraction (XRD) and Scanning Electron Microscopy (SEM) 
experiments (Miao et al. 2021) revealed that the sandstone 
samples were primarily composed of quartz particles as 
the primary framework, with kaolinite as the primary clay 
mineral filling in the intergranular pores and particle cracks 
(Fig. 1). The samples were dried at a constant temperature 
of 105 ℃ until reaching a constant quality, which took about 
24 h, to ensure that they were in a dry state. The sandstone 
samples had an average natural water content of 0.3% under 
laboratory conditions, while the natural dry water content of 
field samples ranged from 0.62 to 1.78%. The average dry 
density of the samples was 2403 g/m3.

2.3 � Water Absorption Experiment

Before conducting compression experiments, non-pressure 
water absorption tests (Wong and Jong 2014) were per-
formed on three sandstone samples using the laboratory 
deep soft rock hydraulic testing system (Fig. 2). The dry 
rock samples were placed on the water absorption base and 
submerged 3 mm into deionized water, with stable tem-
perature and humidity ensured. During the experiment, the 
water absorption data acquisition system was activated, and 
the experiment ended when the sandstone sample reached 
saturation, achieving adsorption and evaporation equilibrium 
with the surrounding environment. The water content at dif-
ferent stages of water absorption was recorded, and Eq. (1) 
was used to calculate the water content

where t represents time, w represents the sandstone water 
content at time t, Mw represents the amount of water 
absorbed by the sandstone at time t, and M0 represents the 
mass of the sandstone sample in a dry state.

As shown in Fig. 3, the water absorption of the sample 
increased sharply in the first 31 h, and then entered a stable 
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(a)                                                                              (b)
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Fig. 1   Sandstone microstructure monitoring experiment: a scanning electron microscope (SEM) image of the sandstone used in this study; b pie 
chart showing the mineral composition of the studied sandstone

Fig. 2   Simulation diagram of experimental system
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and slow water absorption stage after 113 h. The quality of 
the sample hardly changed when it was carried out for 432 h. 
It was considered that the sample had reached the limit satu-
ration state (water content of 3.43%). To obtain a continu-
ous and accurate softening law of sandstone strength with 
respect to water content, we designed five different water 
content levels for water absorption softening tests: 0%, 0.8%, 
1.6%, 2.4%, and 3.3%. Figure 3 shows some of the experi-
mental samples. To prevent changes in the water content of 
the rock samples during transportation, we wrapped the sam-
ples in PE film to reduce moisture loss. The water content 
of the samples was measured again before conducting the 
mechanical experiments to obtain an accurate water content 
status. A negative exponential function was used to fit the 
relationship between water content and time, as shown in 
Fig. 3.

2.4 � Short‑Term Strength Experiment

Sandstone samples with different water contents were sub-
jected to short-term compressive strength experiments using 
a 2000 kN rock single-triaxial experimental system (Fig. 2). 
Based on hydraulic fracturing ground stress test data from 
Wanfu Coal Mine, the minimum principal stresses typically 
range from 10.4 to 20.8 MPa. This study aims to examine the 
creep mechanical properties of rock samples, with a focus on 
achieving greater accuracy under lower surrounding pressure 
conditions. Hence, pressure levels of 0 MPa, 6 MPa, 9 MPa, 
and 12 MPa were selected to mimic sandstone behavior at 
various geological depths or under diverse ground stress 
conditions. The experiments investigated the effect of dif-
ferent water contents on the short-term strength of rocks 
and determined the creep stress at the corresponding water 
content state. The samples were loaded until failure using a 

constant loading rate of 0.05 kN/s, and stress and displace-
ment data were recorded.

Figure 4 shows the water softening curve of water absorp-
tion rate and compressive strength (σc), which indicates that 
water has a significant impact on the mechanical properties 
of rocks. As the water content increases, the uniaxial com-
pressive strength and modulus of elasticity (E) decreased 
from initial values of 90.67 MPa and 14.1 GPa to 33.74 MPa 
and 7.3 GPa. Uniaxial compression experiments were con-
ducted on sandstone samples saturated for 15 days. The 
average uniaxial compressive strength was 31.82 MPa, and 
the elastic modulus was 7.33 GPa, with little difference in 
strength. Furthermore, the triaxial compressive strength was 
observed to increase with increasing confining pressure and 
decrease nonlinearly with increasing water content. When 
the confining pressure was 12 MPa, the compressive strength 
decreased from 152.02 MPa to 76.29 MPa as the water con-
tent increased from dry to saturation.

According to the Mohr–Coulomb strength theory, the 
internal friction angle and cohesion of rock can be calcu-
lated based on the relationship between the maximum and 
minimum principal stresses, as shown in Eq. (2)

where σ1 represents maximum principal stresses (axial 
stress), σ3 represents minimum principal stresses (confining 
pressure), φ represents internal friction, and c represents 
cohesion.

The cohesion and angle of internal friction decreased 
from 18.93 MPa and 45.96° in the dry state to 8.14 MPa 
and 39.75° in the saturated state. With the increase in water 
content, both cohesion and angle of internal friction show a 
negative exponential decrease trend, and the effect of water 
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Fig.3   Water absorption curves for the water content of the sandstone
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content on cohesion is greater than its effect on the angle of 
internal friction (Fig. 5).

2.5 � Creep Experiment Method

Creep tests were conducted using the five-channel rheologi-
cal testing system (Fig. 2) at the State Key Laboratory of 
Geomechanics and Deep Underground Engineering (SKL-
GDUE) following the short-term strength experiments. 
The system includes five sets of electric control cylinders 
and servo oil cylinders, with a maximum axial pressure of 
600 kN and a lateral pressure range of 0–60 MPa, and can 
perform creep tests on five samples simultaneously. An inner 
sleeve was used to isolate the sample from the loading fluid, 
and Vaseline was applied to seal the interface between the 
upper and lower loading heads to ensure the stability of the 
water content during the experiment. The confining pressure 
was loaded to the predetermined value at a rate of 0.1 MPa/s, 
and the samples were loaded to the target stress at a constant 
rate of 0.5 kN/s. The target stress was held for a specified 
time under a constant deformation, and the creep time for 
each level was designed to be 24 h until the sample experi-
enced creep failure. Table 1 shows the experimental scheme 
performed for this study.

3 � Creep Experiment Results

Figure 6 displays the graded loading creep curves of sand-
stone at various water contents and confining pressure. The 
overall strain exhibits a stepwise increase with time, with 
an instantaneous strain produced upon incremental load 
application, followed by decelerated creep and steady-state 
creep stage until the next incremental load is applied. At the 

last loading stress level, the creep strain rapidly increases, 
ultimately entering the accelerated creep stage, with sample 
failure occurring. For instance, for a sandstone sample at sat-
uration state (w = 3.3%) and a confining pressure of 9 MPa, 
the sample underwent eight stress levels before experienc-
ing creep failure. The total creep time was approximately 
162.9 h, and the accelerated creep failure occurred approxi-
mately 1.2 h after the last loading. The creep deformation 
under each loading level increases significantly with an 
increase in water content, as shown in Fig. 6a, indicating that 
water content can significantly enhance the creep deforma-
tion of sandstone and reduce its long-term strength, leading 
to creep failure at lower stress levels. Figure 6b illustrates 
that, under the same water content conditions, the maxi-
mum deformation of sandstone increases with an increase 
in confining pressure. Based on the results of short-term 
strength compression experiments and creep tests, the ratio 
of creep failure stress (σcf) to compressive strength (σc) of 
sandstone at various water contents and confining pressure 
was obtained, as shown in Table 2. Creep destructive stress 
refers to the value of the stress that the sample is subjected to 
when it undergoes creep deformation and eventual destruc-
tion under long-term stress. Compressive strength refers to 
the ability of the sample to resist damage under compression, 
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Table 1   Creep load classification

Sample number w/% σ3/MPa Graded loading stress/
MPa

Initial 
stress/MPa

Stress 
difference/
MPa

DR-10 0 0 18 2.25
DR-11 0.8
DR-12 1.6
DR-13 2.4
DR-14 3.3
SR-10 0 6 30 4.5
SR-11 0.8
SR-12 1.6
SR-13 2.4
SR-14 3.3
SR-20 0 9 30
SR-21 0.8
SR-22 1.6
SR-23 2.4
SR-24 3.3
SR-30 0 12 30
SR-31 0.8
SR-32 1.6
SR-33 2.4
SR-34 3.3
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which is the maximum stress that the sample can withstand 
in a one-way compression test.

The ratio of creep failure stress to compressive strength 
ranges from 0.66 to 0.98. The relationship between the creep 
failure stress and water content follows a negative exponen-
tial relationship, while that with confining pressure follows 
an exponential relationship, as shown in Fig. 7. At the same 

time, we attempted to plot σcf/σc versus water content and 
confining pressure (Fig. 7c), and it can be observed that 
σcf/σc is minimized at a water content of 0% and a confining 
pressure of 0 MPa. The ratio increases with the increase in 
water content and confining pressure. At the maximum water 
content and confining pressure, the ratio shows a relative 
decrease.

4 � Effect of Water Damage on Creep 
Characteristics of Sandstone Under 
Triaxial Confinement

Using the Chen loading method (Chen et al. 1991; Lin et al. 
2022), the full creep curve was transformed into graded 
loading creep curves, taking into account the memory effect 
of rock under loading. Figure 8 displays the creep curves of 
sandstone samples DR-10 (σ3 = 0 MPa w = 0%) and SR-32 
(σ3 = 12 MPa w = 1.6%) as examples. The strain of the sand-
stone sample consists of instantaneous strain εi and creep 
strain εc, with the sample strain mainly being instantaneous 
strain under different stress levels. The creep characteristics 
of the sample are more significant under high stress levels, 
as shown in the figure.

4.1 � Instantaneous Strain

The graded loading creep curves provide the instantane-
ous strain corresponding to each completed load level. By 
separating the instantaneous and creep strains during the 
creep process of sandstone samples, the regular curves of 
axial instantaneous and creep strains under different water 
contents and confining pressure were obtained, as shown in 
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Fig.6   Creep test curves of different water content and confining pressure: a σ3 = 6 MPa; b w = 3.3%

Table 2   Relationship between creep failure stress and compressive 
strength

σ3/MPa w/% σc/MPa σcf/MPa σcf/σc

0 0 90.67 59.63 0.66
0.8 56.25 36.00 0.64
1.6 42.91 36.00 0.84
2.4 37.30 29.25 0.78
3.3 33.74 27.00 0.80

6 0 130.20 104.30 0.80
0.8 93.00 84.00 0.90
1.6 70.90 70.50 0.98
2.4 63.50 59.25 0.93
3.3 58.00 52.50 0.91

9 0 141.11 124.50 0.88
0.8 98.26 84.00 0.85
1.6 80.15 78.00 0.97
2.4 72.06 70.50 0.98
3.3 67.13 57.00 0.85

12 0 152.00 124.50 0.82
0.8 107.60 97.50 0.91
1.6 86.80 79.50 0.92
2.4 80.59 75.00 0.93
3.3 76.30 70.50 0.92
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Fig. 9 and Fig. 10. For instance, samples with a confining 
pressure of 9 MPa and a water content of 2.4% were used as 
examples in this study.

As shown in Fig. 9a, the relationship between sandstone 
instantaneous strain and deviator stress at different water 
contents is linearly increasing. The curve slope of the satu-
rated sample is larger, indicating that the reduction in elas-
tic modulus due to water content allows saturated samples 
to produce more elastic deformation under the same stress 
difference. The effect of water on sandstone creep not only 
affects the initial instantaneous strain but also affects the 
elastic stage of the whole creep process. This phenom-
enon is due to the weakening of the internal structure and 
mineral composition of sandstone by water, reducing its 
strength and increasing the instantaneous strain under 
load. Comparing the instantaneous strains corresponding 
to water contents of 0% and 2.4%, the difference between 

instantaneous strains gradually increases as the deviator 
stress increases. The influence of water content on sand-
stone instantaneous strain is related to deviator stress. As 
deviator stress increases, the influence of water content on 
sandstone instantaneous strain gradually increases. Fig-
ure 9b shows the linearly increasing relationship between 
sandstone instantaneous strain and water content for the 
same load. This phenomenon is mainly due to pore water 
weakening the bonding strength between particles, and 
internal pore water reducing the bonding ability of clay 
fillers, thereby weakening the strength of sandstone.

The linearly increasing relationship between sand-
stone instantaneous strain and deviator stress at different 
confining pressures is shown in Fig. 9c. Meanwhile, the 
linearly decreasing relationship between sandstone instan-
taneous strain and confining pressure for the same load 
is shown in Fig. 9d. As the confining pressure increases, 
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the instantaneous strain under each load level signifi-
cantly decreases. The slope of the curve of the relationship 
between sandstone instantaneous strain and deviator stress 
under different confining pressures is not significantly dif-
ferent, and confining pressure mainly affects the initial 
instantaneous strain of sandstone, with little effect on the 
elastic stage of the whole creep process.

4.2 � Creep Strain

The long-term deformation of soft rock is the main factor 
leading to large deformation and damage of the surround-
ing rock in the roadway. The effect of water in the roadway 
on the deformation of rock under geostress is particularly 
significant. Creep strain directly reflects the deformation 
of rock over time, and is calculated by determining the 

difference between the strain at the completion of each load 
level and the strain at the beginning of the next load level.

Figure 10a shows the exponential growth relationship 
between sandstone creep strain and deviator stress under 
different water contents. The creep strain of sandstone 
is significantly affected by the level of deviator stress, 
and it increases with the increase of deviator stress. The 
growth amplitude of creep strain is small at low devia-
tor stress, corresponding to a smaller slope of the curve. 
When the deviator stress level reaches a high level, there 
is an approximate inflection point on the curve, and then, 
it increases rapidly. With the increase of water content, the 
total creep time gradually decreases. Figure 10b shows the 
exponential growth relationship between sandstone creep 
strain and water content for the same load. As the confin-
ing pressure increases, the instantaneous strain under each 
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load level significantly increases. This phenomenon is due 
to the random development of internal cracks in sandstone, 
which are enlarged by water under the action of confining 
pressure. Figure 10c shows the exponential growth rela-
tionship between sandstone creep strain and deviator stress 
under different confining pressures. Figure 10d shows the 
exponential growth relationship between sandstone instan-
taneous strain and confining pressure for the same load. 
As the confining pressure increases, the creep strain under 
each load level significantly increases.

Under the same confining pressure, the creep strain 
increases with the increase of water content. When the devi-
ator stress is lower than the creep stress threshold, the creep 
strain generated by high confining pressure is larger, indi-
cating that before the creep failure of sandstone, the greater 
the confining pressure, the more likely it is to produce creep 
strain. In summary, the greater the confining pressure and 
water content, the more obvious the time-dependent defor-
mation characteristics of sandstone.

4.3 � Creep Strain Rate

To further investigate the creep deformation law and obtain 
the creep rate curves under various load levels, as shown in 
Fig. 11, this paper presents the creep rate curves of sand-
stone samples DR-11 (σ3 = 0 MPa w = 0.8%) and SR-32 
(σ3 = 12 MPa w = 1.6%). Creep rate is an important indica-
tor for studying the creep characteristics of rocks and is also 
an important basis for distinguishing the different stages of 
creep.

According to the creep rate, rock creep can be divided 
into three stages: attenuation creep (Stage I), steady-state 
creep (Stage II), and accelerated creep (Stage III), as shown 

in Fig.  12 (using sample DR-11 as an example). From 
Fig. 12, it can be seen that the creep rate curve shows the 
characteristics of attenuation creep and steady-state creep. 
In each load stage, the creep rate of the attenuation creep 
stage reaches a relatively stable range within a certain period 
of time. When the load exceeds the creep failure stress, the 
sandstone not only undergoes attenuation creep and steady-
state creep stages, but also undergoes an accelerated creep 
stage, in which the creep rate nonlinearly increases with time 
and the creep deformation rapidly increases. It can be found 
that the time occupied by the three creep stages is different, 
and the steady-state creep stage has the longest time and 
dominates the entire creep process, while the time occupied 
by the attenuation creep and accelerated creep stages is very 
short. Therefore, studying the creep rate variation law during 
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the creep process is of great significance for understanding 
the creep characteristics of sandstone.

Figure 13 illustrates the pattern of change in the time of 
attenuation creep phase of sandstone samples. This paper 
demonstrates the relationship between the attenuation creep 
stage time and deviator stress of sandstone at different water 
contents, using the sandstone sample with a confining pres-
sure of 12 MPa and a water content of 2.4% as an example.

Figure 13a shows that the attenuation creep stage time 
linearly increases with deviator stress, and the curve slope 
of the sample with a higher water content is larger. The 
attenuation creep stage time increases more significantly 
as the water content increases. Comparing the attenuation 
creep stage time corresponding to water contents of 0% and 
3.3%, the difference between the attenuation creep stage time 
gradually increases with the increase of deviator stress. The 

effect of water content on the attenuation creep stage time 
is related to deviator stress, and as deviator stress increases, 
the influence of water content on the attenuation creep stage 
time of sandstone gradually increases. Figure 13b shows 
a linear increase in the attenuation creep phase time with 
increasing water content. The larger the load, the steeper 
the attenuation creep slope, and the longer the attenuation 
creep stage time.

Figure  13c and Fig.  13d illustrates the relationship 
between attenuation creep phase time, stress, and confining 
pressure for sandstones at different confining pressures. The 
attenuation creep stage time shows an exponential increase 
with deviator stress and confining pressure. When the water 
content is constant, the slope of the attenuation creep stage 
time and deviator stress curve under different confining 
pressures is roughly the same, indicating that the effect of 
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confining pressure on the attenuation creep stage time is 
independent of deviator stress. Similarly, the slope of the 
attenuation creep stage time and confining pressure curve 
under the same load is roughly the same, indicating that the 
effect of deviator stress on the attenuation creep stage time 
is independent of confining pressure.

This study investigates the deformation patterns of the 
steady-state creep stage, which is characterized by the 
steady-state creep rate, an essential indicator for distinguish-
ing between different creep stages. Figure 14 illustrates the 
steady-state creep rate curves of sandstone samples sub-
jected to graded loading under varying confining pressures 
and water contents. Using the sandstone sample with a con-
fining pressure of 12 MPa and a water content of 2.4% as 
an example.

Figure 14a and Fig. 14b demonstrates the exponential 
growth relationship between the steady-state creep rate 
and the deviator stress and water content of sandstone. 
Similar to the strain deformation patterns, the steady-
state creep rate remains low in the initial stages of stress 
and gradually increases as the stress level rises, eventu-
ally entering a nonlinear growth phase. Under the same 
deviator stress, the steady-state creep rate increases with 
an increase in water content. The creep rate is more signifi-
cant when the load level is higher and reaches the steady-
state creep stage. Figure 14c and Fig. 14d exhibits the 
exponential growth relationship between the steady-state 
creep rate and the deviator stress and confining pressure 
of sandstone samples under different confining pressures. 
The steady-state creep rate increases exponentially with 
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deviator stress and is inversely proportional to the confin-
ing pressure. When the water content is 2.4%, the creep 
rate is almost zero at low deviator stresses. Under the 
same deviator stress, the difference in creep rate caused 
by varying confining pressures is not significant. The 
steady-state creep rate increases rapidly when the deviator 
stress exceeds the stress threshold. Under the same devia-
tor stress, the steady-state creep rate decreases gradually 
with an increase in confining pressure.

The results show that the exact timing for entering the 
accelerated creep stage has no obvious regularity with 
respect to the confining pressure and water content. How-
ever, it can be considered that the sandstone enters the 
accelerated creep stage when the axial creep strain reaches 
a certain threshold value, and from the results, it can be 
seen that the duration of the accelerated creep failure stage 
is closely related to the preceding steady-state creep stage 
before reaching this threshold value.

To analyze the variation characteristics of the creep 
rate in the three stages, we organized the curves of the 
creep rate with time at the last level of deviator stress. Fig-
ure 15 shows the curves for samples SR-13 (σ3 = 6 MPa 
w = 2.4%) and SR-24 (σ3 = 9 MPa w = 3.3%). The creep 
process of sandstone can be divided into three stages: 
attenuated creep, steady-state creep, and accelerated 
creep. Among these stages, the steady-state creep stage 
has the longest duration, while the accelerated creep stage 
has the shortest. Although the accelerated creep stage 
accounts for only a small part of the entire creep process, 
it is the most apparent. During this stage, the deformation 
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Fig. 15   Accelerated creep curve of sandstone: a SR-13 (σ3 = 6 MPa w = 2.4%); b SR-24 (σ3 = 9 MPa w = 3.3%

Table 3   Triaxial steady-state creep rate and accelerated failure time 
of the last load

σ3/MPa w/% ε'/10−4 h−1 ta/h εac/10–4

0 0 0.73 0.75 0.55
0.8 0.34 1.87 0.63
1.6 1.74 0.42 0.73
2.4 1.83 0.42 0.77
3.3 2.57 0.25 0.64

Average value - 0.66
6 0 0.71 2.37 1.69

0.8 1.91 0.80 1.53
1.6 19.23 0.10 1.92
2.4 3.61 0.41 1.48
3.3 0.46 5.00 2.32

Average value - 1.79
9 0 0.68 3.20 2.18

0.8 0.46 5.25 2.42
1.6 0.72 2.12 1.51
2.4 1.57 1.42 2.23
3.3 15.30 0.13 1.96

Average value - 2.06
12 0 2.17 1.04 2.26

0.8 0.80 3.50 2.82
1.6 0.86 3.32 2.86
2.4 0.73 3.26 2.39
3.3 0.67 3.07 2.57

Average value - 2.58
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and creep rate are the largest and fastest, respectively, 
but the time is the shortest. This ultimately leads to the 
final failure of the specimen, which is related to the large 
deformation and failure of the surrounding rock in prac-
tical engineering. The rapid increase of the creep rate 
during the accelerated creep stage is the macroscopic 
manifestation of the development of internal cracks in 
the sandstone. At this time, under the joint action of water 
and confining pressure, the rock undergoes accelerated 
damage, which reduces its bearing capacity, further accel-
erates the damage, and leads to the nonlinear and rapid 
increase of strain during this stage.

4.4 � Accelerated Creep Stage

To further investigate the influence of steady-state creep 
rate on the duration of accelerated creep before failure, 
the steady-state creep rate and duration of the accelerated 
creep stage under the final load are statistically recorded in 
Table 3. Additionally, a strain parameter εac was defined, 
expressed as the product of steady-state creep rate ε' and 
the duration of the accelerated creep stage ta, as shown in 
Eq. (3). This parameter numerically characterizes the strain 
value developed by the steady-state creep rate before the 
nonlinear strain growth occurs during the failure stage. Fig-
ure 16 shows the relationship between strain parameter εac 
and confining pressure, which exhibits a linear increase with 
confining pressure. This indicates that higher confining pres-
sures have a greater influence of the steady-state creep rate 
on the duration of accelerated creep before failure.

(3)�
ac
= �

�
⋅ t

a

5 � Discussion

5.1 � The Influence of Water Content and Confining 
Pressure on Creep Characteristic Stress

To explore the impact of water on sandstone creep's viscoe-
lastic–plastic deformation phase, we processed the complete 
creep dataset to eliminate instantaneous strain from applied 
stress. Through statistical analysis of the entire process, 
we derived equivalent time-dependent viscoelastic–plastic 
stress–strain curves, as depicted in Fig. 17a. The deforma-
tion process was categorized into three segments: viscoe-
lastic, plastic, and nonlinear damage deformation, as illus-
trated in Fig. 17b. Analyzing the creep curve, we observed 
that with relatively low creep stress, sandstone enters the 
creep phase post-application of instantaneous load. Follow-
ing a brief period of decelerated creep, strain stabilizes at a 
consistent level. After 24 h of creep, strain remains nearly 
constant, correlating with creep stress and depicted by the 
linear increase in Stage I. This process aligns with viscoelas-
tic deformation theory. Upon surpassing a threshold stress, 
the equivalent time-dependent creep curve transitions into 
Stage II. Here, creep rate stabilizes post-deceleration, induc-
ing plastic deformation. Despite 24 h of creep, the equiva-
lent time-dependent creep curve maintains a linear increase, 
indicating proportional plastic deformation with creep stress. 
The critical stress demarcating Stages I and II is denoted by 
the yield limit σs. As stress escalates, strain exhibits nonlin-
ear growth post-reaching a certain threshold, designating 
this critical stress as the long-term strength σl.

The critical strengths of samples with different mois-
ture contents at different stages are recorded in Table 4. 
Figure 18 illustrates the evolution of various stresses with 
confining pressure and moisture content. It is evident that 
although moisture content reduces the absolute values of 
various strengths, confining pressure increases the values 
of these strengths to a certain extent. However, under the 
coupled effect of moisture content and confining pressure, 
there still exists a certain regularity in the stresses entering 
different deformation stages of creep. Therefore, in sub-
sequent studies, absolute stress values will be converted 
into ratios of critical stresses. It can be observed that under 
the same confining pressure, the yield limit σs and long-
term strength σl decrease exponentially with increasing 
moisture content. Whereas under the same moisture con-
tent, the σs and σl increase linearly with increasing confin-
ing pressure. Calculations reveal that the ratio of σs to σc 
ranges from 0.44 to 0.59, and the ratio of σl to σc ranges 
from 0.59 to 0.74.

In prior studies (Sun et al. 2021; Miao et al. 2023), 
water–rock interaction effects on surrounding rock 
properties were investigated using unpressurized water 
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absorption and uniaxial compression experiments. A 
Nuclear Magnetic Resonance (NMR) core analyzer exam-
ined dynamic changes in microporous rock structures 
during water–rock coupling. SEM analysis monitored 

micromineral differences pre- and post-water absorption. 
Initially, in the dry state, rocks contained minimal crystal-
lization and strongly bound water, resulting in few, mostly 
small pores, with limited pore size changes and negligible 
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Table 4   Failure stress, yield 
limit, and accelerated yield limit 
of sandstone creep test

The value in () is the predicted value

σ3/MPa w/% σc/MPa σs/MPa σs/σc σl/MPa σas/σc

0 0 90.67 40.5 0.44 54 0.59
0.8 56.25 31.5 0.56 37.13 0.66
1.6 42.91 22.5 0.52 29.25 0.68
2.4 37.30 20.25 0.54 25.88 0.69
3.3 33.74 18 0.53 24.75 0.73

Average value – – – 0.53 – 0.70
6 0 130.20 66 0.51 88.5 0.68

0.8 93.00 (51) (0.55) 61.5 0.66
1.6 70.90 39 0.55 48.0 0.67
2.4 63.50 34.5 0.54 43.5 0.69
3.3 58.00 34.5 0.59 39.0 0.67

Average value – – – 0.55 – 0.68
9 0 141.11 70.5 0.50 93.0 0.67

0.8 98.26 52.5 0.53 61.5 0.62
1.6 80.15 38.8 0.50 55.6 0.72
2.4 72.06 (39) (0.55) 52.5 0.74
3.3 67.13 39 0.58 43.5 0.65

Average value – - – 0.53 – 0.68
12 0 152.00 75 0.49 97.5 0.64

0.8 107.60 48 0.45 75.0 0.69
1.6 86.80 48 0.55 61.5 0.71
2.4 80.59 39 0.48 52.5 0.65
3.3 76.30 39 0.51 48.0 0.63

Average value – – – 0.50 – 0.66
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clay mineral structure alterations. As water absorption 
progressed, pore space increased, smaller pores closed, 
and larger ones expanded. Near saturation, clay particles 
expanded further, connecting with quartz particles and 
enlarging pores significantly. Clay mineral mud, coupled 
with quartz particle constraints, filled and compressed 
smaller pores, reducing nearby quartz particles. Under 
magnification, reductions in kaolinite flakes and interlayer 

pore space were evident, weakening mineral structures due 
to cement dissolution or particle loss. Concurrently, swell-
ing and dissolution of hydrophilic minerals accelerated 
sandstone water absorption and softening.

5.2 � Effects of Water Content and Confining Pressure 
on Creep Failure Characteristics

Water alters the micro-pore structure of sandstone samples, 
impacting their ultimate failure characteristics. Concur-
rently, short-term strength compression experiments reveal 
confining pressure's role in restraining sandstone deforma-
tion, leading to variations in experimental outcomes. Thus, 
investigating sandstone failure modes under creep stress with 
varying water contents through indoor mechanical experi-
ments is crucial. To enhance clarity in observing internal 
crack characteristics, representative failure samples under-
went CT scanning, providing comprehensive CT images 
depicting the complete failure mode, as depicted in Fig. 19. 
The scanning equipment was a LIGHTSPEED 8-slice spi-
ral CT scanner from General Electric, with a scanning time 
frequency of 0.5 s/3600 s, and an image reconstruction time 
of 0.167 s (512 × 512 matrix). CT image analysis software 
(CCTAS) was used to reconstruct the results and calculate 
the data.

Figure 19 shows the sandstone failure mode in this 
study, with the left side showing the short-term failure 

Fig.18   Relationship between critical stress and confining pressure 
and water content

- -

X

Fig. 19   Relationship between failure mode and confining pressure and water content
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mode. The failure mode of short-term strength compres-
sion experiments is controlled by a single oblique shear 
crack, and with the increase of water content, accompany-
ing cracks and small cracks expand significantly. As con-
fining pressure exists, the expansion of small cracks under 
triaxial compression is limited, resulting in a failure mode 
dominated by a single shear crack.

The right side of Fig. 19 shows the long-term failure 
mode of the sandstone in this study. When confining pres-
sure is 0 MPa and the water content is relatively low, 
the failure of the sample is controlled by shear cracks. 
Although the failure mode of creep experiments is also 
controlled by shear cracks, there are significant differences 
in crack extension compared with short-term failure. Due 
to the slow expansion of cracks under long-term stress, 
there are more small cracks and accompanying cracks in 
the sample. In samples with higher water content, the frag-
mentation is more complete, and vertical surface cracks 
appear, with "X-shaped" conjugate shear cracks appearing 
from the middle of the internal cracks. At the same time, 
the characteristics of long-term sandstone failure under 
applied confining pressure were analyzed, and the failure 
mode was also dominated by shear failure, but the degree 
of fragmentation was smaller than that of uniaxial creep 
failure, and there were also fewer surface tensile cracks in 
higher water content samples. With the increase of con-
fining pressure, the deformation failure is increasingly 
controlled by a single shear plane, and the development 
of small cracks is not obvious when the water content is 
relatively low. When the water content is high, there is 
an expansion of micro-cracks. With further increase of 
confining pressure, the influence of water content on the 
failure mode is small, and the development of small cracks 
is not obvious.

Based on the research analysis, it is suggested that there 
are two ways to reduce the long-term damage caused by rock 
creep in underground engineering. The first way is to isolate 
underground water and minimize contact between the rock 
and the water, which reduces the long-term strength of the 
rock and rock creep deformation. The second way is to use 
high pre-stress support, which applies confining pressure to 
the surrounding rock after excavation, so that the unstable 
rock mass remains in a triaxial stress state, thereby reduc-
ing the softening effect of water–rock coupling on the rock's 
ultimate strength.

6 � Conclusions

After issues at Wanfu Coal Mine, sandstone samples from 
the −950 horizontal pumping station tunnel were analyzed. 
Short-term strength compression and creep experiments 

were conducted on samples with different water contents. 
The experimental results are summarized as follows:

1)	 The relationship between water content and the mechan-
ical properties of sandstone has been elucidated. It was 
observed that as water content increases, there is an 
exponential decrease in both short-term compressive 
strength and elastic modulus of sandstone. Under con-
fining pressures of 0 MPa and 12 MPa, the compressive 
strength decreased from 90.67 MPa and 152.02 MPa in 
the dry state to 33.74 MPa and 76.29 MPa in the satu-
rated state. Moreover, the influence of confining pres-
sure on radial deformation and compressive strength 
was noted, with confining pressure exhibiting a linear 
increase effect. Micro-cohesion and internal friction 
angle of sandstone were found to decrease exponentially 
with water content, with cohesion being notably more 
affected. Additionally, the stress level of creep failure 
was found to be inversely correlated with water content 
and exponentially correlated with confining pressure, 
indicating the complex interplay between these factors 
in governing sandstone behavior.

2)	 Under high confining pressure conditions, increased 
water content was found to induce the formation of ran-
dom internal cracks within the sandstone. The relation-
ship between stress and various deformation parameters 
was investigated, revealing linear trends in instantaneous 
strain and decay creep stage time with stress, while creep 
strain and steady-state creep rate exhibited exponential 
trends. Furthermore, higher water content led to a more 
pronounced increase in instantaneous strain and decay 
creep stage time under constant confining pressure. The 
interplay of water content and confining pressure fur-
ther influenced the creep behavior, with distinct trends 
observed in instantaneous strain, creep strain, decay 
creep stage time, and steady-state creep rate.

3)	 The deformation process of sandstone was character-
ized by a time-constant viscoelastic–plastic stress–strain 
curve, delineating three distinct stages: viscoelastic 
deformation, plastic deformation, and nonlinear accel-
eration. The critical strength (yield limit, long-term 
strength) entering different stages is obtained, and it can 
be found that the ratio of compressive strength remains 
stable between 0.44–0.59 and 0.59–0.74. Additionally, 
the strain parameter εac was established as a predictor 
of accelerated creep failure time, showing a linear rela-
tionship with confining pressure irrespective of water 
content.

4)	 The failure modes of sandstone under varying condi-
tions were investigated, with short-term failure primarily 
occurring through single oblique shear failure, accompa-
nied by minor cracks that increased with water content. 
Long-term failure under low confining pressure and high 
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water content conditions exhibited an "X-shaped" con-
jugate shear failure mode due to extensive crack devel-
opment. However, as confining pressure increased and 
water content decreased, the failure mode transitioned 
to single oblique shear failure. The implementation of 
groundwater isolation measures and the application of 
high confining pressure were identified as effective strat-
egies for mitigating adverse impacts on structural integ-
rity in onsite engineering projects, ensuring the integrity 
of structures throughout the construction process.
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