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Abstract The weakening of rock mass after immer-
sion substantially affects slope stability. Considering 
the mudstone in the north slope of the Fushun West 
Open pit as the research object, we investigated the 
failure and creep characteristics of mudstone under 
different immersion times and confining pressures. 
For this, we used a self-developed experimental 
apparatus that applies biaxial compression loading 
in a water immersion environment. Water signifi-
cantly changed the strength and failure mode of the 
mudstone. The increase in confining pressure limits 
the expansion of the crack aperture, reduces the rock 
strength-weakening coefficient, and delays the rock 
weakening time. The change in cohesion is primarily 
responsible for the weakening of shear strength dur-
ing immersion. Based on the creep test results, the 
creep curve of the soaking specimen was identical 
to that of the dry specimen in the initial phase. The 

weakening effect of water on the specimen increased 
as the soaking duration increased, due to which 
the creep curve of the soaking specimen gradually 
approached that of the saturated specimen. Water 
entered the microcracks and reacted with the rock 
interior, accelerating rock failure. Consequently, the 
soaking specimen had the lowest stress level for creep 
failure and the shortest failure time. The results of 
this experiment provide a reference for the long-term 
stability of the flooded slope.

Highlights

1. Development of experimental equipment, consid-
ering the water–rock interaction of bank slope.

2. Increase in confining pressure reduces the weak-
ening effect of water on rock during water soak-
ing.

3. Analysis of creep behavior of dried, saturated, 
and soaking specimens showed that soaking has 
the shortest failure time.
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1 Introduction

The presence of water considerably influences the 
geotechnical slope stability (Sun et  al. 2022; Mik-
routsikos et  al. 2021). Studies have shown that fluc-
tuating water levels are the main factor causing reser-
voir bank landslides (Gutierrez et al. 2010; Jiao et al. 
2014; Huang 2018). Jones et  al. (1961) found that 
50% of the landslides were triggered in periods of ris-
ing water levels and approximately 30% during the 
drawdown stage in the Grand Coulee dam reservoir 
in the United States from 1941 to 1953. Subsequently, 
Nakamura (1990) reported that approximately 60% 
of landslides in Japanese reservoirs were triggered 
during the drawdown operation and 40% were due to 
water impoundment. Rainfall was reported as another 
factor responsible for the occurrence of landslides 
on reservoir slopes (Macfarlane 2009; Chen and 
Wu 2018; Tu et  al. 2019). Therefore, deeply inves-
tigating the slope stability under water conditions is 
important.

The Fushun West Open-pit in China is the largest 
modern open-pit in Asia, with a length of approxi-
mately 6.6 km from east to west, a width of approx-
imately 2.2  km from south to north, and a depth of 
approximately 420  m (Zhang et  al. 2019; Wang 
et al. 2010; Johnson 1990). In mining, the slope sta-
bility and rock mass deformation characteristics of 
the Fushun Open-pit have been studied by several 
researchers. Yang et al. (2014) and Yuan et al. (2021) 
investigated the rheological characteristics of mud-
stone in the north slope by using a shear creep test, 
and determined the rheological model to predict the 
long-term stability of the slope. Zhang et  al. (2021) 
used a microseismic technique, field investigation, 
and numerical analysis to study the sliding mass 
depth and deformation control of the Fushun West 
Open-pit. In addition, researchers have used high-
resolution remote sensing and DInSAR to analyze 
the relationship between the slope deformation and 
mining activities of Fushun West Open-pit (Liu et al. 
2015; He et al. 2015). This open-pit will become an 
important reservoir in the future. The lithology of the 
north slope of the open-pit is mainly green mudstone, 
whose mechanical properties are extremely sensitive 
to water. Additionally, many important industrial and 
residential buildings are located near the north slope. 
Thus, an elaborate investigation of post-closure slope 

stability in the process of water immersion before 
water storage in necessary.

Most failures of the bank slope are due to gradual 
evolution, which means that before the failure, the 
slope undergoes continuous deformation. Therefore, 
evaluating the rock water-weakening effect and quan-
tifying the time-dependent deformation are crucial 
in bank slope safety assessment. Environmental fac-
tors, such as differential stress, confining pressure, 
temperature and pore fluid composition can strongly 
influence the creep characteristics of rock (Brantut 
et al. 2013; Rybacki et al. 2015, 2016; Bonnelye et al. 
2017; Li et  al. 2019; Tarifard et  al. 2022). Among 
them, water has a greater influence on clay-rich rocks, 
and the presence of the swelling clay mineral makes 
them extremely sensitive to water (Geng et al. 2017, 
2018; Baud et al. 2000). Mudstone is a typical clay-
rich sedimentary whose water sensitivity has attracted 
much attention from researchers. As documented by 
Brady and Weil (1960) and Israelachvili and Mcguig-
gan (1988), mudstone contains clay minerals such as 
montmorillonite; thus, it easily expands and disin-
tegrates after being saturated with water. Dan et  al. 
(2012) suggested that water is an important factor 
affecting the disintegration of mudstone, and the 
higher the water content of the mudstone, the higher 
its disintegration rate. Huang et  al. (2007) hypoth-
esized that the real cause of mudstone disintegration 
in water is linked to characteristics of internal struc-
ture, not the content of montmorillonite. Farulla et al. 
(2010) observed that in addition to the structural 
characteristics (types and contents) of clay minerals, 
external environmental factors are an important part 
of the disintegration characteristics. Rybacki et  al. 
(2017) demonstrated that the long-term creep behav-
ior of clay-rich rock is related to the proportion of 
high and low strength minerals, and suggested that 
stress corrosion may aggregate the propagation and 
closure of microcracks during creep deformation. 
The mudstone in the bank slope experiences continu-
ous disintegration which can reduce its strength and 
the slope safety factor, therefore, an intensive study 
on the strength weakening mechanism of mudstone 
after immersion in water is of substantial research and 
engineering significance.

Most researchers first immersed rock specimens 
in water for a specific period, and then removed and 
placed them in a testing machine for testing (Tang 
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2018; Yu et al. 2019). However, most reservoir bank 
slopes are dry before impoundment. Notably, when 
the slope is filled with water, the water–rock interac-
tion occurs first on the slope surface and the lateral 
pressure gradient decreases as the infiltration range 
deepens. Therefore, the stress state of the slope sur-
face can be simplified as follows: one side is affected 
by water pressure, and the other five sides are affected 
by the rock mass confining pressure, as shown in 
Fig.  1. To improve the research on the long-term 
stability of the surrounding rock under water immer-
sion, we developed a device to investigate the dete-
rioration mechanism of mudstone in the north slope 
of Fushun West Open pit based on the perspective of 
unilateral immersion of the slope. Moreover, we also 
investigated the failure modes and strength weaken-
ing characteristics of mudstone under various con-
fining pressures and immersion times. Additionally, 
mudstone was immersed in water for creep testing 
and compared with dried and saturated specimens. 
Finally, the strain, creep rate, and threshold stress for 
different water contents were analyzed based on the 
experimental results. This study provides references 
for the long-term stability and deformation prediction 
of bank slopes.

2  Methodology

2.1  Experimental methods

This study mainly examined the effect of water on 
the mechanical behavior of rocks under low confin-
ing pressure. The intermediate principal stress ( �2 ) 
values were 0, 0.5, 1, 1.5, and 2 MPa. When the inter-
mediate principal stress ( �2 ) value was > 0.5  MPa, 

the minimum principal stress ( �3 ) value was set at 
0.5 MPa. In the immersion experiment, the applica-
tion of confining pressure does not contribute to the 
effective measurement of the water content of the 
rock specimen. Therefore, the effect of water on rock 
can only be approximated based on immersion time. 
In this study, the immersion times were 10, 30, and 
60 min.

The uniaxial compressive strength (UCS) of 
specimens with different water contents were tested 
at room temperature (25  °C) and 40% humidity to 
examine the relationship between water content, 
soaking time, and rock strength. During UCS test-
ing, axial load was increased at a rate of 0.5 MPa/s.

Next, the mechanical behavior of multiple speci-
men groups was tested under different confining 
pressures and immersion times. The dried speci-
mens were placed inside a water tank and subjected 
to axial and confining pressure loading. When the 
confining pressure became stable and reached a cer-
tain value, water was injected into the tank until the 
rock was completely submerged. After immersion 
in water for a certain period of time, it was loaded 
axially until it failed. The purpose of this test was 
to investigate the effect of water on the mechanical 
behavior of the rock under different confining pres-
sures and to determine the stress level to be applied 
in the creep test.

Finally, for the creep test, three groups of green 
mudstone specimens were prepared: dried, saturated, 
and soaking specimens. The dried specimens were 
placed in a humidifier, and their quality was measured 
every 24 h. When the change in quality of specimens 
did not exceed 0.1%, the water content was consid-
ered to have reached a stable state and the specimen 
was considered as a saturated specimen. The soaking 

Fig. 1  Cross-section of 
water–rock interaction 
during water immersion in 
Fushun West Open pit
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specimen was dry before loading but was immersed 
in water from the beginning to the end of the creep 
test. When �2 was 2  MPa and �3 was 0.5  MPa, the 
dried, saturated, and soaking specimens were tested. 
In the creep test, the creep characteristics of rock can 
be well reflected via multi-stress level loading (Ma 
2004; Xue et al. 2021, 2023). The stress increment at 
each level was 4 MPa, and the loading time was 10 h.

The water content ( wt ), softening coefficient ( �ct ), 
and ratio of creep strain (ω) were considered for 
analyzing experimental results using the following 
equations:

where md denotes the mass of dried specimens and mt 
denotes the mass of the specimens soaked in water for 
various durations.

where �c denotes the strength of dried specimens 
and �cwt denotes the strength of specimens soaked in 
water for various durations.

where �c denotes the creep strain and �0 denotes the 
initial strain.

(1)wt =
mt − md

md

× 100%

(2)�ct =
�cwt

�c

(3)� =
�c

�0

× 100%

2.2  Rock sample preparation

In this study, all specimens were obtained from newly 
mined green mudstone rock blocks at E2400 of the 
north slope of Fushun West Open pit (an elevation 
of − 200 m). According to the standards of the Inter-
national Society for Rock Mechanics (ISRM) (ISRM 
2007), rock specimens measuring 100 mm in height 
and 50  mm in width were cut using a STX-1202A 
diamond wire cutting machine (Fig. 2). The dry cut-
ting method was used to prevent water from damag-
ing rock samples during cutting. The white bedding 
shown in Fig.  4 represents the rock sample powder 
that was not cleaned during sample preparation and 
does not represent the real bedding of the rock sam-
ple. In the Fushun West Open pit, the sampling rate of 
mudstone is approximately 40%, and the total sample 
preparation time is approximately 3 months.

The ranges of the mass and wave velocity of speci-
mens without surface cracks were 3,000–3,200  m/s 
and 576–578  g, respectively. The specimens with 
deep cracks accounted for 15% of the total rock sam-
ples, and their mass and wave velocity were < 574 g 
and 2500 m/s, respectively. The wave velocity, mass, 
and UCS of the specimens with less developed sur-
face cracks were similar to those of intact rocks. 
The mudstone specimens with several cracks were 
removed before drying. The specimens having a mass 
of 576–578  g and wave velocity of 3000–3200  m/s 
were selected and then dried in a drying oven at 

Fig. 2  Specimens derived from green mudstone
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110  °C for 24  h (ASTM 2005). Only 10% of the 
dried specimens showed surface crack propagation 
and surface spalling, and the mass and wave velocity 
of these rock samples exhibited significant changes. 
Therefore, we eliminated these specimens. Finally, 
the remaining selected rock samples were used for 
testing.

Figure  3 shows that the rock particles are gen-
erally green, contain pores, and have no bedding 
structure; this observation is consistent with those 
in the literature (Sun et al. 2022). X-ray diffraction 
analysis revealed that green mudstone mainly com-
prises 44% muscovite, 19.6% feldspar, 19.6% anal-
cime, and 11.9% montmorillonite, with the remain-
ing content being perovskite. Montmorillonite is a 

hydrophilic expansive mineral contributing to the 
expansive behavior of green mudstone. According 
to the literature, green mudstone is categorized as a 
microexpansive rock (Yan et al. 2004).

2.3  Test apparatus

As shown in Fig.  4, the main loading machine 
comprises a support frame, a base, a water tank, 
hydraulic loading bars, a glass, and cushion blocks. 
The support frame fixes the base and water tank 
(capacity = 3 L), During the test, the rock specimen 
is placed in this water tank. The upper and lower 
hydraulic loading bars are installed at the geomet-
ric center positions above and below the water tank 
to exert a maximum force of 400 kN on the speci-
men vertically. Three hydraulic loading bars are 
installed at the geometric center position of the left, 
right, and back sides of water tank to load the speci-
men horizontally. A glass window is installed at the 
front of the water tank to conveniently observe the 
changes in the rock specimen during the test. The 
cushion block is made of 25-mm-thick transpar-
ent plexiglass and is placed between the surface of 
the specimen and the indenter of the loading bar to 
ensure that the surface of the specimen is evenly 
stressed. Chamfering is set around each cushions 
block at a perimeter of C3 (3 × 45°) to prevent the 
cushion block from squeezing and rubbing against 
each other during loading. The experimental equip-
ment is shown in Fig. 5.

Fig. 3  Microstructure of green mudstone (× 50 times)

Fig. 4  Immersion weakening experimental apparatus assem-
bly drawing. 1, support frame; 2, base; 3, upper loading bar; 4, 
lower loading bar; 5, water tank; 6, left hydraulic loading bar; 
7, right hydraulic loading bar; 8, rear hydraulic loading bar; 9, 

information acquisition system; 10, specimen; 11, camera; 12, 
cushion block; 13, sealing hole of loading bar; 14, camera seal 
hole; 15, glass; 16, loading head
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3  Experimental results

3.1  Results of water absorption test and uniaxial 
compressive strength test

When the water level increased, water rapidly dif-
fused into cracks (maximum crack opening was 
0.4  mm) on the sample surface owing to capillary 
action, as shown in Fig.  6b. After submersion in 
water for 10  min, the specimens disintegrated, and 
the maximum crack opening was 0.7 mm, as shown 
in Fig. 6c.

The water content ( wt ) was measured every 5 min 
in the early stage and every hour in the late stage. 
Our findings showed that the water content of the 
rock specimen rapidly increased in the first 10  min 
(Fig.  7a), reaching 0.71%. After 4  h, no further 
changes were observed in the water content, and it 

became stable at 1.15%. We soaked the specimen in 
red ink to observe the water distribution in the rock 
sample. After soaking for 4 h, the rock samples were 
removed and dried. Subsequently, the rock samples 
were transversely cut to observe their section. We 
found that the red ink mainly existed in large pores 
and cracks of the rock samples (Fig. 7b).

Table 1 shows the water content and UCS of speci-
mens at different times. Figure 8a shows the relation-
ship between immersion time and UCS, where the 
scatter points are the experimentally measured data 
and the red line is the fitted curve. The rate of decrease 
in UCS was greater during the first 10 min compared 
to other time. As the immersion time increased from 
0 to 10  min and the peak strength decreased from 
9.1 to 1.2 MPa, a decrease of 7.9 MPa was observed. 
However, when the immersion increased from 10 
to 240  min, the peak strength decreased from 1.2 to 

Fig. 5  Immersion weaken-
ing experimental machine

Fig. 6  Failure of rock 
sample in water immersion 
without confining pressure
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0.7 MPa, which is a decrease of 0.5 MPa. Figure 8b 
shows the relationship between water content and 
UCS. A greater rate of decrease in UCS was observed 
at low water content than at high water content. As 
the water content increased from 0 to 0.71%, the peak 
strength decreased by 86.8%. The further increase in 
water content from 0.71 to 1.13% resulted in a 41.2% 
decrease in the peak strength. Figure  8 indicates the 
relationships between UCS and immersion time. UCS 
and water content can be best fitted using the following 
exponential equation:

(4)f (x) = a ⋅ eb⋅x + c

where f represents the UCS of green mudstone at 
immersion time or water content wt, and a, b, and c 
are constants. For the immersion time, the values of 
a, b, and c were determined to be 7.2, − 0.4, and 1.3, 
respectively. For wt, the values were 8.9, − 1.9 and 
0.4, respectively. These results are in good agreement 
with the findings of previous studies (Ergüler and 
Ulusay 2009; Masoumi et al. 2017).

The initial immersion time was unified at 10 min 
in a later immersion experiment under different con-
fining pressure conditions because the water content 
and UCS of the rock changed after being soaked in 
water for 10 min.

Fig. 7  Water content of 
rock specimens at different 
times

Table 1  Water content 
and uniaxial compressive 
strength (UCS) of 
specimens at different times

Immersion time (min) 0 10 20 30 60 120

Water content (%) 0 0.7 0.78 0.89 0.96 1.07
0 0.75 0.77 0.84 1.05 1.15

UCS(MPa) 9 1.6 2 1.2 0.9 1
8.1 1.2 3 1 0.7 0.7

Fig. 8  Relationship 
between immersion time 
(a), water content (b) 
and uniaxial compressive 
strength
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3.2  Testing results of different immersion time

3.2.1  Compressive strength analysis

The experimental data are shown in Table  2. The 
intermediate principal stress ( �2 ) plays an important 
role in the yield failure of rock (Drucker and Prager 
1952). Figure  9a shows the relationship between 
�2 and �1 under dry and immersion conditions. 
The increasing rate of �1 gradually decreased as �2 
increased. Under dry conditions, when �2 increased 
from 0 to 0.5 MPa, �1 increased from 9.1 to 15.1 MPa 
(i.e., an increase of 6  MPa). When �2 further 

increased from 1.5 to 2 MPa, �1 increased from 19.3 
to 22  MPa (i.e., an increase of 2.7  MPa occurred). 
As shown in Fig. 9a, the increase in immersion time 
reduced the effect of �2 on �1 . When �2 increased 
from 0 to 2 MPa, �1 increased by 12.9 MPa in the dry 
state, 10.4  MPa in the soaked state for 10  min, and 
6.9 MPa in the soaked state for 60 min.

The Fig.  9b shows the relationship between �2 
and �1–�2 under dry and immersion conditions. The 
failure criterion of mudstone is in good agreement 
with the exponential criterion (You 2009, 2011). 
The function expression is shown in Eq. (4), where 
c represents the limit of the difference between �1 

Table 2  Maximum 
principal stress ( �

1
 ) under 

drying and immersion 
condition (unit: MPa)

(�
2
,�

3
) (0.0,0.0) (0.5,0.5) (1.0,0.5) (1.5,0.5) (2.0,0.5)

Dry 9.9 15.1 17.3 19.3 22
9.1 14.1 16.2 19.9 21.4

Immersed 10 min 1.6 5 5.8 9.1 10
1.2 4.5 8 10.1 11.6

Immersed 30 min 1.2 3.5 5.5 7.8 9.2
1 2.4 6.7 8.2 8.8

Immersed 60 min 0.9 1.2 2.1 5.5 8.2
0.7 0.9 3.6 5.8 8.0

Fig. 9  Analysis results 
of strength and softening 
coefficient. a Relationship 
between �

2
 and �

1
 ; b rela-

tionship between �
2
 and �

1

–�
2
 ; c relationship between 

�
2
 and softening coefficient; 

and d relationship between 
immersion time and soften-
ing coefficient
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and �2(�d ). The value of c decreases with increasing 
immersion time.

The softening coefficient denotes the degree 
to which water weakens rock strength. The lower 
the softening coefficient, the greater the degree 
of weakening. Figure  9c shows that the softening 
coefficient of the specimen in each state increases 
with increasing �2 . For specimens soaked in water 
for 10  min, the softening coefficient substantially 
reduced to 0.14 when �2 was 0 MPa. However, the 
softening coefficient increased from 0.14 to 0.51 
when �2 increased from 0 to 2 MPa. For specimens 
soaked in water for 60 min, the softening coefficient 
increased from 0.08 to 0.36 when �2 increased from 
0 to 2 MPa.

Figure  9d shows that under the same confin-
ing pressure condition, the softening coefficient 
decreased as the immersion time increased. For 
specimens whose �2 was 0 MPa, the softening coef-
ficient was 0.14 when the soaking time was 10 min. 
However, the softening coefficient reduced to 0.08 
when the soaking time was increased to 60 min. For 
specimens whose �2 was 2 MPa, the softening coef-
ficient reduced from 0.51 to 0.36 when the soaking 
time was increased from 10 to 60 min. If a weaken-
ing coefficient of less than 0.2 is considered as com-
plete weakening, it can be achieved in 10 min when 
�2 is 0 MPa, in 30 min when �2 is 0.5 MPa, and in 
60  min when �2 is 1  MPa. Therefore, our findings 
show that the weakening effect of water on rock has 
a time effect; however, the increase in �2 can delay 
the weakening time.

3.2.2  Failure mode analysis

The dry specimens experienced mainly vertical split-
ting failure was accompanied by a crisp sound, as 
shown in Fig. 10a and b, which present the front and 
side views of the specimens, respectively. As shown 
in Fig. 10b, the angle of the fracture plane is nearly 
vertical. Most broken parts of specimens are strips or 
sheets. When the rock specimens were loaded under 
water immersion conditions, the failure mode of the 
rock specimens was mostly shear failure. No dis-
tinct sound was noted during the failure, as shown in 
Fig. 10c and d, which present the front and side views 
of the specimens, respectively. As shown in Fig. 10c, 
the angle of the fracture plane is nearly horizontal 
or inclined at a certain angle and most of the broken 
bodies are lumps.

Figure  11 shows the failure process of the speci-
men soaked in water for 10 min; the different groups 
of cracks in the rock specimen are indicated by dif-
ferent colors. The crack opening in the middle of the 
rock specimens propagated first when the water level 
increased (Fig. 11b). The crack opening and internal 
elongation were considerably smaller than those in 
the water-immersed state with no confining pressure 
(Fig. 6). When �2 was 0 MPa, the maximum opening 
was 0.7 mm and the maximum crack opening speed 
reached 0.36  mm/s. However, when �2 was 2  MPa, 
the maximum opening was 0.23  mm and the maxi-
mum crack opening speed reached 0.06 mm/s.

After the specimen was soaked in water for 6 min, 
the transverse crack of the specimen surface began to 

Fig. 10  Failure modes of dried and immersed specimens. a and b are dried specimens; c and d are immersed specimen
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penetrate up and down, accompanied by flake peeling. 
Simultaneously, the vertical crack in the upper right 
part extended (Fig. 11c). Further peeling of the speci-
men surface caused complete penetration of the upper 
and lower cracks in the middle of the rock specimen, 
resulting in the formation of a small wedge-shaped 
pit. The vertical cracks in the upper right part contin-
ued to expand, as shown in Fig. 11d.

The presence of the wedge-shaped pit reduced 
the restriction of the rock specimen near the side of 
the pit. Because of the continuous softening of new 
cracks and the interior of the rock due to water, large 
fragments of the specimens began to fall and the 
range and depth of the wedge-shaped pit expanded 
(Fig.  11e). The combined action of water and load 
caused the upper vertical cracks and wedge-shaped 

pits to continuously expand, and the rock specimen 
eventually failed, as illustrated in Fig. 11f.

3.2.3  Shear strength analysis

In 1952, Drucker and Prager (1952) proposed the 
generalized Mises yield and failure criterion consid-
ering the effect of hydrostatic pressure, as shown in 
Eq. (5). When f = 0, 

√

J2 has a linear relationship with 
I1 , while � and K are experimental constants related 
to friction angle � and cohesion c , respectively. In the 
analysis, 

√

J2 and I1 are obtained by calculating the 
experimental data. Thereafter, � and K are obtained 
by linear fitting, where the cohesion and friction 
angles are further calculated (Colmenares and Zoback 
2002; Yi et al. 2005, 2006).

Fig. 11  Failure process of 
specimens in water immer-
sion after compression
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In the π plane, if the D-P criterion is the circumcir-
cle of a Coulomb hexagon, then:

The cohesion and friction angle under different 
immersion times can be obtained using Eqs. (5)–(7), 
as shown in Fig. 12. The rate of decrease in friction 
angle and cohesion was greater during the first 10 min 
than at other times. The friction angle and cohesion 
of the dry specimens were 47.8° and 2.27 MPa. When 
the immersion time was 10  min, the friction angle 
and cohesion became 45.5°and 0.56 MPa, a decrease 
of 2.3° and 1.71 MPa, respectively. When the immer-
sion time was increased from 10 to 60 min, the fric-
tion angle and cohesion were 41.7° and 0.06 MPa, a 
decrease of 3.8° and 0.5 MPa, respectively.

The cohesion of rock is determined by the degree 
of cementation between mineral particles, and the 
friction angle is determined by the roughness between 
mineral particles. Under water soaking, water mainly 
reduces the cementation strength between minerals 
and has little influence on the roughness of minerals 
(Yu et  al. 2015; Fu et  al. 2019). Moreover, the pre-
vious chapters have shown that the mudstone of the 
Fushun West Open-pit is significantly weakened by 

(5)f = �I1+
√

J2 − K=0

(6)
I1=�1 + �2 + �3, J2=

1

6

[

(

�1 − �3

)2
+
(

�2 − �3

)2
+
(

�3 − �1

)2
]

(7)� =
2 sin�

√

3(3 − sin�)
, K =

6c cos�
√

3(3 − sin�)

water, especially in the absence of confining pressure. 
Compared with the dried specimen, the cohesion and 
friction angle of mudstone decreased by 75% and 5%, 
respectively, after 10  min of immersion. Thus, the 
effect of water on cohesion is much greater than that 
of friction angle.

3.3  Analysis of creep results

3.3.1  Evolution of creep strain

The specimens failed after being subjected to 2 to 5 
stress levels. The stress increment at each level was 
4  MPa and the loading time was 10  h. The longest 
time was 43.5 h. Figure 13 shows the stress–time and 
strain–time curves of the dried, saturated, and soak-
ing specimen. The test results are shown in Table 3. 
�0 , �c , and �t are the initial strain (×  10−2), creep strain 
(×  10−2), and total strain (×  10−2), respectively. tf  is 
the time to failure at the final stress level.

The dried specimen experienced five stress lev-
els, and the total failure time was 43.5 h. The instan-
taneous strain was 0.84 ×  10−2 when the stress level 
was 4  MPa. The strain increased as the strain rate 
decreased when the creep entered the deceleration 
phase. The initial strain increased to 1.31 ×  10−2 when 
the stress level was 8  MPa. A further increase in 
stress level to 20 MPa resulted in the strain reaching 
the long-term strength of the specimen. After expe-
riencing the deceleration phase, the strain entered 
the accelerating phase, which led to the failure of the 
specimen.

Fig. 12  Cohesion (a) and friction angle (b) under different immersion time
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The initial strain of the saturated specimen was 
larger than that of the dry specimen, owing to the 
damage caused by water; it was 1.19 ×  10−2, i.e., 1.4 
times that of the dry specimen, when the stress level 
was 4 MPa. The strain stabilized to a constant value 

after 3  h. When the stress level was 12  MPa, the 
specimen failed completely.

Water weakening had a time effect and was 
influenced by confining pressure, as discussed 
in the previous chapter. In the creep test of the 

Fig. 13  Creep test result 
of the dried, saturated and 
soaking specimens

Table 3  Creep parameters of specimens at different stress levels

Specimen 4 MPa 8 MPa 12 MPa 16 MPa 20 MPa

�
0

�c �t �
0

�c �t �
0

�c �t �
0

�c �t �
0

�c �t tf

Dried 0.84 0.12 0.96 1.31 0.12 1.43 1.45 0.13 1.58 1.85 0.27 2.12 2.24 0.78 3.02 3.5
Saturated 1.19 0.22 1.41 1.88 0.3 2.18 2.61 0.75 3.37 2.8
Soaking 0.95 0.33 1.28 1.81 0.72 2.53 3
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soaking specimen, when the stress increased to 
4  MPa, the water did not react with the rock. As 
a result, the initial strain of the soaking specimen 
was slightly larger than that of the dried specimen, 
which was 0.95 ×  10−2. With increasing soaking 
time, the strain rate had multiple increase–decrease 
phases. The constant reaction between water and 
rock made the strain rate at the deceleration phase 
greater than that of the saturated specimen. After 
soaking in water for 10  h, the stress level was 
8 MPa and the initial strain was 1.81 ×  10−2. Under 
axial loading, the rock developed many microc-
racks, which intensified the weakening of the rock 
by water and reduced the long-term strength of the 
rock to less than that of the saturated specimen.

Figure  13b shows that the strain rate during 
creep increased due to increasing applied stress; 
the creep rate increased suddenly at the failure 
stress level (Heap et  al. 2009, 2015). Addition-
ally, the strain rate of the soaking specimens is the 
maximum while that of the dried specimens is the 
minimum. With increasing soaking time, the rock 
constantly reacts with water, rapidly increasing the 
strain rate. When the stress level was 4  MPa, the 
strain rate of the soaking specimen was 7.5 times 
that of the dried specimen and 1.1 times that of 
the saturated specimen. However, in the next stress 
level, the strain rate of the soaking specimen was 
22 times that of the dried specimen and 9 times 
that of the saturated specimen.

3.3.2  Analysis of the initial creep

Figure 14a shows the relationship between the initial 
strain and stress. The saturated and soaking speci-
mens represented two types of water-containing states 
of the specimen. Therefore, the creep characteristics 
of soaked and saturated specimens were compared. In 
the first stress loading level, the initial strain of the 
soaking and dried specimens was similar; however, 
the initial strain of the soaking specimen was smaller 
than that of the saturated specimen: the difference 
was 0.24 ×  10−2. When the stress level increased from 
4 to 8 MPa, the initial strain of the soaking specimen 
increased by 0.86 while that of the dried and saturated 
specimens increased by 0.47 and 0.69, respectively. 
As the soaking time increased, the rock approached 
saturation. Therefore, when the stress was 8 MPa, the 
initial strain of the soaking specimen differed from 
that of the saturated specimen by 0.07 ×  10−2.

Figure  14b shows the relationship between total 
strain and stress. When the stress level was set to 
4 MPa, the total strain of the soaking specimen was 
smaller than that of the saturated specimen; the differ-
ence between the specimens was 0.13 ×  10−2. When 
the stress level was 8  MPa, the total strain of the 
soaking specimen was greater than that of the satu-
rated specimen; the difference between the specimens 
was 0.35 ×  10−2.

Figure 14 shows that the creep curve of the soak-
ing specimen in the initial state is the same as that of 

Fig. 14  The instantaneous strain (a) and total strain (b) at different stress level
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the dried specimen. With increasing soaking time, 
the water content of the soaking specimens increased 
continuously. Under the softening effect of water, the 
rock strength gradually decreased and the rock creep 
behavior gradually approached the saturated speci-
men. In the creep test, the rock is prone to produce 
new cracks under the action of water. An increase in 
fractures increases the water content of mudstone. 
With increasing immersion time, water continuously 
softens the fractures and erodes the interior of rocks 
through the fractures, further reducing the overall 
strength of mudstone. Therefore, the deformation 
characteristics of soaking specimens become increas-
ingly obvious and gradually exceed that of saturated 
specimens.

3.3.3  Critical stress level for creep failure

Figure  15 shows the relationship between ω and 
stress level. The increase or decrease in ω indi-
cates the increase or decrease in the creep behavior, 
respectively. For the dried specimen, ω gradually 
decreased with increasing stress, indicating that the 
creep behavior decreased when stress was between 
0 and 12 MPa. When stress was > 12 MPa, ω began 
to increase, indicating that the creep behavior began 
to increase. When stress was > 16  MPa, ω increased 
sharply and the corresponding creep behavior accel-
erated. Therefore, the critical stress of dried speci-
mens was 12–16  MPa, accounting for 54–73% of 
the peak strength. Similarly, in the case of saturated 
specimens, ω gradually decreased when the stress 

level was < 8  MPa. However, when the stress level 
was > 8  MPa, ω gradually increased; therefore, the 
critical stress of the saturated specimen was 8 MPa. 
The soaking specimen had only 2 stress phases and 
no descent phase. In the case of the soaking speci-
men, ω gradually increased when the stress level 
exceeded 4 MPa. Therefore, the critical stress of the 
soaking specimen was 4 MPa.

4  Discussion

In this study, we examined the effects of confining 
pressure and soaking time on rock strength using the 
experimental loading and soaking methods simulta-
neously; this approach differs from those discussed in 
the literature (Ulusay et al. 2015; Vergara et al. 2016; 
Zhou et  al. 2016). Based on previous studies on the 
weakening effect of water on rocks, researchers have 
generally soaked the specimens in water first and then 
conducted mechanical loading after achieving the 
set water content state (Baud et  al. 2000; Dan et  al. 
2012). These tests can maximize the weakening effect 
of water on rocks but does not consider the timeliness 
of water erosion. Our research findings confirmed 
that confining pressure and time affect the weakening 
effect of water on rocks. When the confining pressure 
is substantially low, the weakening coefficient of rock 
becomes large in a considerably short time (10 min). 
Notably, the increase in confining pressure inhibits 
the weakening effect and prolongs the weakening 
time. Therefore, analyzing the results of the uniaxial 
water soaking test will overestimate the weakening 
effect of actual reclaimed water on rock slopes.

Our findings also showed that water mainly exists 
in cracks and pores of rocks. Therefore, we manually 
measured the crack openings and compared the crack 
growth results under different confining pressures. 
We found that the maximum crack aperture reached 
0.7  mm and the crack aperture velocity reached 
0.36  mm/min when �2 was 0  MPa. However, the 
maximum crack aperture reached 0.23  mm and the 
crack aperture velocity reached 0.06 mm/min when �2 
was 2 MPa (Fig.  16). Therefore, the confining pres-
sure limits the crack aperture, affecting the speed of 
water entering the rock. Our analysis of the effect of 
immersion time on the friction angle and cohesion of 
mudstone showed that the weakening effect of water Fig. 15  Relationship between creep strain rate (ω) and stress
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on the cohesion was stronger than that on the fric-
tion angle. This finding agrees with those reported by 
other researchers (Fu et al. 2019; Liu et al. 2020).

Among the three water-bearing states in the creep 
experiment in this study, the research results of soak-
ing specimens are rarely studied. In actual water-
filled slopes, water continuously erodes the rock mass 
(Nakamura 1990). Compared with the saturated spec-
imen, soaking specimens can improve the reflection 
of the creep behavior of rock under long-term immer-
sion in water. In the long-term deformation process 
of soaking specimens, water continuously enters the 
rock through cracked microfissures, accelerating rock 
deformation and causing failure earlier than that of 
saturated specimens. Accordingly, the stress phase in 
the case of soaking specimens was minimum.

Our research results also showed that the fracture-
developed area and low confining pressure area were 
the most seriously eroded areas during the process 
of water filling. Therefore, conducting detailed geo-
logical surveys before impounding the Fushun West 
Open pit is necessary. The slope of the Fushun West 
Open pit mine formed an unloading fracture zone at 
a maximum depth of 66  m from the surface of the 
slope owing to excavation disturbance and weather-
ing disturbance. The fractures in this zone are devel-
oped, and the quality of rock mass is poor. Therefore, 
backfill treatment should be performed in these areas 
before water storage, as shown in Fig.  17. Backfill 
dumping is a natural antiseepage material and plays 
a role in stabilizing the slope. Compared with dried 
mudstone, the stress threshold and failure time of 
creep failure of soaking mudstone are reduced by 4 

times and 3 times, respectively. Therefore, stress 
monitoring is essential in the process of water storage.

5  Conclusion

In this study, we examined the weakening regularity 
of green mudstone at different confining pressures 
and immersion times using self-developed apparatus 
to analyze the impact of water storage on mudstone 
after the closure of the Fushun West Open pit. For the 
creep test, mudstone was immersed in water under a 
confining pressure of 2 MPa and was compared with 
dry and saturated specimens. The main findings of 
our study are as follows:

(1) The existence of cracks substantially reduced 
the UCS of mudstone in a short time. The UCS 
decreased exponentially with increasing water 
content. After soaking for 10  min, the UCS 
decreased to 14% of that of the dried specimen.

(2) The failure criterion of mudstone under different 
confining pressures conformed to the exponen-
tial strength criterion. The increase in confin-
ing pressure limited the expansion of the crack 
aperture, reducing the speed and content of the 
water entering the rock, which ultimately reduced 
the water-weakening coefficient and delayed the 
weakening time. The weakening coefficient with 
confining pressure was 3.4–4.5 times that without 
confining pressure. If the same degree of weaken-
ing was obtained, it took only 10 min to immerse 
in water without confining pressure and 60  min 

Fig. 16  Crack aperture under different soaking times

Fig. 17  Cross-section of water storage treatment in Fushun 
West Open pit
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to immerse in water with a confining pressure of 
1.5 MPa.

(3) Water can alter the failure mode of mudstone. 
The splitting failure of dry mudstone and the 
shear failure of soaking mudstone simultaneously 
occurred during loading. The cohesion and fric-
tion angle of mudstone decreased rapidly during 
the initial soaking phase and tended to stabilize 
with increasing soaking time. During the soaking 
process, water considerably weakened cohesion 
more than the friction angle.

(4) The creep behavior of mudstone changed sig-
nificantly with the change in the water condition. 
The soaking specimen had the lowest stress level 
for creep failure and the shortest failure time for 
the three types of test specimens. The creep curve 
of the soaking specimen was the same as that of 
the dry specimen during the initial phase. How-
ever, as soaking time increased, the weakening 
effect of water on the specimen increased, caus-
ing the creep curve of the soaking specimen to 
approach that of the saturated specimen. Water 
entered the microcrack and reacted with the rock 
interior, causing the rock to fail rapidly.

(5) The ratio of creep strain to initial strain decreased 
first and then increased, and the stress level at the 
inflection point was considered the critical stress 
of creep failure. The critical stress of the soaking 
sample was lower than that of the saturated and 
dry specimens.
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