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1 Introduction

Cyclic wetting–drying can greatly influence rock properties 
such that a significant decrease in mechanical strength can 
be expected for a rock undergoing wetting–drying cycles 
(Zhou et al. 2017; Xie et al. 2018; Gu et al. 2020). The 
water-weakening effect has been widely recognized to be 
relevant to many rock failures, typically represented by rock-
slides in reservoir areas, where rock masses within the ripar-
ian zone undergo periodic water-level fluctuations (Huang 
et al. 2018; Wang et al. 2020). In terms of the long-term 
instability of rock masses induced by cyclic wetting–dry-
ing, the strength degradation of rocks is of major concern 
(Castellanza et al. 2008). Over the past several decades, a 
large number of experimental studies have been carried out 
to investigate the influence of cyclic wetting–drying on the 
mechanical properties of sandstone (Zhang et al. 2014; Zhao 
et al. 2017; Yao et al., 2020), shale (Huang et al. 1995), lime-
stone (Beck and Al-Mukhtar 2014), and other types of rock 
(Mitaritonna et al. 2009; Asahina et al. 2014).

A detailed review of previous studies has revealed that 
most of the works on this topic focused on exploring the 
water-weakening behaviors of intact rocks. However, rock 
masses are typically characterized by joints, soft interlayers, 
bedding planes and other weak planes (Meng et al. 2017). 
With their low shear strength and sensitivity to water, weak 

planes usually play an adverse role on rock stability (Huang 
et al. 2017). Typical examples of such instabilities include 
the shear failure of rockslides along natural weak interlayers 
in reservoir areas (Gu et al. 2017) and fault-related sloughing 
at underground openings in water-enriched regions (Bruneau 
et al. 2003; Li et al. 2021). Therefore, it is crucial to evalu-
ate the mechanical properties of weak planes in rock masses 
under the influence of water. However, due to the difficulties 
that lie in the preparation of rock specimens with natural 
discontinuities (specimens are particularly prone to break 
into two pieces during drilling or polishing procedures), 
the current experimental research on the water-weakening 
features of rock discontinuities mainly involves testing 
on samples with artificial joints (a bare discontinuity or a 
discontinuity filled with clay/cement mortar to simulate a 
soft interlayer). For example, Ma et al. (2019) carried out a 
series of ring shear tests on reconstituted soft interlayers to 
investigate the influences of the remolded water content on 
its shear behaviors; Kim and Jeon (2019) investigated the 
shear characteristics of rock discontinuities under various 
thermal–hydromechanical conditions by conducting shear 
tests on rocks with artificial saw-cut surfaces. However, the 
effect of cyclic wetting–drying on the mechanical behavior 
of natural rock discontinuities has rarely been reported in 
the literature.

The main objective of this paper is to investigate the deg-
radation characteristics of the shear strength of rock interlay-
ers due to cyclic wetting and drying. A series of direct shear 
tests were conducted on rock specimens with a natural soft 
interlayer. The shear strengths were measured under differ-
ent normal stresses and different numbers of wetting–drying 
cycles. The data were then compared to find the trend of the 
change in shear strength and to establish a predictive rela-
tionship between the strength parameters with the number 
of wetting–drying cycles. Finally, a damage evolution model 
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was proposed to describe the relations between the shear 
parameters and the number of wetting–drying cycles.

2  Characterization of the Tested Material

The material tested is a carbonate rock from Wu Gorge, 
which is the second gorge of the famous Three Gorges along 
the Yangtze River (Fig. 1). These rocks, deposited during 
the Tertiary Period, have two main components: the domi-
nant carbonate matrix and the argillaceous fraction. The for-
mer is mainly a relatively homogeneous micritic limestone 

(host rock, as shown in Figs. 2a and 3), while the latter is 
present in the form of thin soft interlayers inside the rock. 
Polarizing microscopy and X-ray diffraction analyses were 
applied to the crushed rock fractions to identify the mineral 
phases of the material tested. The results indicate that the 
host limestone is mainly composed of calcite (99.2%) and 
that the content of quartz is less than 1% by weight. The 
main minerals of the soft interlayer are calcite, clay miner-
als, and quartz, as shown in Fig. 2b and Table 1. The aver-
age density of the rock is approximately 2.67 g/cm, and its 
uniaxial compressive strength (UCS) and Young’s modulus 
are approximately 170 MPa and 11 GPa, respectively.

Fig. 1  a Detailed location of the Three Gorges Reservoir. b Geographic map of the three Gorges reservoir and location of the study area. c Site 
of Jianchuandong
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3  Testing Methodology

3.1  Sample Preparation

Fresh, unweathered rocks dug out at the construction spots 
(Fig. 1c), which were above the highest reservoir water 
level, were collected from Jianchuandong in Wu Gorge 
(Fig. 1). Rock blocks with quasi-flat interlayers were then 
selected for extracting cubic specimens with a side length 
of 60 mm (Fig. 3a). All samples were cut so as to make the 
interlayers near the horizontal and at the half-height of the 
sample. The six surfaces of the cubic specimens were pol-
ished so that the surface roughness is less than 0.02 mm. 
More than 70 samples were prepared for direct shear tests. 
The thicknesses of the interlayers of all prepared samples 
were measured to be within the range of 1–1.5 mm. Then, 
all the samples were kept in an oven for 120 h at a tem-
perature of 105 °C so that the samples were in a dry state 
before the subsequent operations.

3.2  Water Absorption/Desorption Tests

Water absorption/desorption tests were performed to under-
stand the time-dependent water absorption/desorption pro-
cess of the rock samples. After the 120 h drying process, 
three of the rock samples were taken out of the oven, and 
their masses were measured. Then, the three samples were 
immersed in a container filled with deionized water at room 
temperature. Their masses were measured and recorded con-
tinuously until no further increase in mass was measured (at 
this point, the specimens were considered to be saturated). 
Next, the three saturated samples were placed into the oven. 

Fig. 2  Microanalysis of the material tested. a Micrograph of host 
rock. b X-ray diffraction patterns of host rock and soft interlayer

Fig. 3  a Part of the samples used in the test. b Variation of water con-
tent during absorption/drying with time

Table 1  Mineral composition of the rock tested

Mineral composition Content (%)

Limestone Interlayer

Calcite 99.2 58.2
Clay mineral – 26.2
Quartz 0.3 14
Other minerals 0.5 1.6
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Similarly, the specimens were also weighed at successive 
time interval until no variation in their masses was observed. 
The change in weight was used to determine the rate of water 
absorption of the specimen at different times, expressed as a 
percentage of the dry mass of the sample and given as

where �t is the water content of the specimen, Mt is the mass 
of the sample at time t and M0 is the mass of the oven-dried 
sample.

Figure 3b shows the change in water content of the speci-
mens during the saturation and drying processes. It is sug-
gests that a period of 48 h can be considered sufficient to 
achieve quasi saturation state and that saturated samples 
can be dried completely after 48 h. Based on these results, 
in the following testing, a wetting–drying cycle of a rock 
specimen was performed by submerging the rock in water 
for 48 h (saturation process) and then drying in an oven at 
a temperature of 105 °C for another 48 h (drying process).

3.3  Experimental Setup

The tests were performed on a direct shear test system with a 
loading capacity of 600 kN in both the vertical and horizon-
tal directions. The initial step was placing the sample into 
the shear cell, controlling the soft interlayer aligned with 
the shear direction. Then, a normal compressive stress was 
applied at a loading rate of 0.1 kN/s until a predetermined 
stress level was reached. Subsequently, the shear force was 
applied at a constant shear displacement rate of 0.05 mm/
min until the sample failed (Ulusay 2014). In this study, 
the tests were conducted with three different normal com-
pressive stress levels, namely, 20, 40 and 60 MPa, and the 
number of wetting–drying cycles n was designed to be n = 0, 
1, 3, 6, 10, and 15. Note that shear tests were carried out 
both on dry and saturated samples for each operating condi-
tion to investigate the influence of cyclic wetting–drying on 
both the dry and saturated shear strengths of the soft inter-
layer. Besides, since no undrained measure was taken, the 
experiments were considered as drained testing for saturated 
samples.

4  Experimental Results and Analysis

4.1  Changes in Shear Strength Parameters 
and Corresponding Explanations

Figure 4 shows the typical shear failure surfaces of rock 
specimens under the saturated and dry conditions. The 
appearance of exposed failure surfaces clearly tells the state 
of the specimen: dark brown for saturated state and light 

(1)�t = (Mt −M0)∕M0 × 100%

yellow for dry state. Besides, the exposed surfaces indi-
cate that failure generally occurs at the interface between 
rock and soft interlayer. The peak shear stresses and normal 
stresses acting on the interlayers of the tested rock samples 
after different numbers of wetting–drying cycles are pre-
sented in Table 2 and typical stress–strain curves are illus-
trated in Fig. 5. It shows that for all samples, after the initial 
phase, shear stress increased almost linearly with strain up to 
the maximum and then dropped rapidly, indicating the brit-
tle feature. The cases with normal compressive stress of 20 
and 60 MPa were taken as examples to analyze the change 
in shear strength with the wetting–drying cycles, as shown 
in Fig. 6. The result shows that, in general, the shear strength 
of dry sample is higher than that of water-saturated sample 
when after the same wetting–drying cycles. Shear strengths 
under both dry and saturated conditions decrease with the 
increase of wetting–drying cycles. A closer observation of 
Fig. 6 reveals that the decline trend in saturated strength has 
slow-down after a treatment of 10 wetting–drying cycles. 
The result seems to coincide with the findings by Ciantia and 
Hueckel (2013), who suggested that the rock strength in wet 
conditions remains about the same after a certain number of 
wetting–drying cycles, while the dry strength decreases with 
increasing wetting–drying cycles until reaching the lower 
bound of wet strength.

The Mohr–Coulomb failure criteria fitting on the points 
with different numbers of wetting–drying cycles are pre-
sented in Fig. 7. Based on the above linear fitting, the shear 
strength parameters, including the internal frictional angle 

Fig. 4  Typical failure patterns of rock specimens under a saturated 
and b dry conditions
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and cohesion, can be obtained, as shown in Table 3. Note 
that 0-cycle data represent the samples that did not undergo 
a wetting-dry cycle. The relationship between the internal 

frictional angle and the number of wetting–drying cycles 
under dry and saturated conditions is presented in Fig. 8. 
It can be seen that the internal frictional angle decreases 

Table 2  Peak shear stress (in 
MPa) of rock joints under 
different conditions

Number 
of cycles

� = 20 MPa � = 40 MPa � = 60 MPa

Saturated Dry Saturated Dry Saturated Dry

0 24.40 26.54 26.77 28.85 31.53 35.11 35.95 37.01 40.70 42.12 49.12 51.02
1 23.51 25.83 25.39 28.34 30.98 34.40 35.46 36.68 38.47 41.05 48.24 50.28
3 21.34 23.24 24.09 24.18 31.15 33.01 34.73 37.95 37.64 42.02 46.43 51.23
6 18.60 21.98 22.77 23.26 28.98 31.02 33.38 35.95 37.52 40.41 44.80 48.85
10 17.62 22.40 19.29 20.87 24.16 26.26 31.99 34.01 35.67 37.64 42.92 43.1
15 17.21 19.04 17.48 18.11 21.95 24.21 30.58 31.66 32.14 34.37 40.54 41.63

Fig. 5  Typical stress–strain curves of rock specimens under a saturated and b dry conditions with wetting–drying cycle number of 1, 10, and 15
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steadily when changing from dry to saturated state, which 
is consistent with previous experimental studies by other 
researchers. However, for both the dry and saturated situa-
tions, there is no significant correlation between the internal 
frictional angle of the rock interlayers and the wetting–dry-
ing cycles. In other words, the magnitude of the internal 
frictional angle does not decrease as the number of wet-
ting–drying cycles increase but only fluctuates slightly and 
irregularly near the average values (Fig. 8), which may be 
more likely due to the dispersion of the mechanical proper-
ties of the rock material.

In both dry and saturated cases, the cohesion gradually 
decreases with the increase in the number of wetting–dry-
ing cycles, as shown in Fig. 9. A closer inspection of 
the results reveals that the cohesion of the soft interlayer 
decreases more quickly during the first several cycles: 
the drop in cohesion after three cycles of wetting–drying 

corresponds to nearly half of the total reduction in the 
15-cycle treatment (43.2 and 46.3% for dry and saturated 
conditions, respectively). This is more pronounced at 
saturated situations: the decline of saturated cohesion 
strength slowing down after 5 wetting–drying cycles, 
which, once again, seems to corroborate the view that the 

Fig. 6  Change in shear strength with number of wetting–dry-
ing cycles under the normal compressive stress of a 20 MPa and b 
40 MPa. ( �0,dry and �0,wet mean the original shear strength in dry and 
saturated situations, respectively. Note that the average values of data 
in Table 2 were used)

Fig. 7  Relationships between peak shear stress and normal stress for 
rock interlayers under a dry and b saturated conditions after differ-
ent numbers of wetting–drying cycles (the average values of data in 
Table 2 were used in this figure)

Table 3  Shear strength parameters under different conditions

Number of 
cycles

Saturated state Dry state

c (MPa) φ (°) c (MPa) φ (°)

0 17.46 21.73 15.86 29.10
1 17.28 20.67 15.69 28.12
3 13.86 23.68 11.75 31.69
6 11.07 25.03 11.00 30.79
10 10.64 22.60 9.16 29.73
15 9.69 20.72 6.35 30.79
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saturated strength will remain unchanged after a certain 
number of wetting–drying cycles. However, it should be 
noted that the results indicate that the cohesion of the 
soft interlayers under saturated conditions is higher than 
that under dry conditions (Table 3), which is contrary 
to the popular belief that the mechanical properties of 
rock tend to decrease after water absorption. One possible 
explanation is that, as rock specimen switching from dry 
to saturated state, cohesive effect of matric suction (Fred-
lund and Rahardjo 1993; Thyagaraj and Salini 2015) and 
adhesive force (Risnes et al. 2005) of the clayey minerals 
within the interlayer will increase, which leads to a higher 
cohesion in saturated state.

4.2  Damage Evolution Model

Based on the classical damage theory proposed by Lemaitre 
(1984), considering the cohesion before the wetting/drying 
process as the original state and the cohesion after n wet-
ting–drying cycles as the damage state, the damage variable 
for the cohesion of the rock interlayer (D) can be defined as 
below:

where c0 and cn are the initial cohesion and cohesion after 
n wetting–drying cycles, respectively. According to Eq. 2, 
the damage variables for cohesion after different numbers 
of wetting–drying cycles were obtained and are listed in 
Table 4. Equation 2 can be rewritten in another form:

Since rock material is composed of micro-units (mineral 
grains) with different strengths, statistical methods are often 
used to describe the damage state of micro-units caused by 
external disturbances, such as stress (Wang et al. 2007), cyclic 
freezing and thawing (Mu et al. 2017), and cyclic changes in 
relative humidity (Pineda et al. 2014a; b). Combining Eq. 3 
with the statistical damage model (Eq. 4, where E is the elastic 
modulus, � is the elastic strain, Nf is the number of already 
failed micro-units and N is the original number of micro-
units) proposed by Krajcinovic and Silva (1982), the following 
expression was obtained:

The damage variable D can be defined as a ratio of Nf and 
N, expressed as follows:

(2)D = 1 −
cn

c0

(3)cn=c0(1 − D).

(4)� = E�

(

1 −
Nf

N

)

.

(5)D =
Nf

N
.

Fig. 8  Relationship between the frictional angle the number of wet-
ting–drying cycles

Fig. 9  Changes in normalized cohesion with the number of wetting–
drying cycles. (c0 and cn are the initial dry/saturated cohesion and 
cohesion after n wetting–drying cycles, respectively)

Table 4  Damage variables for cohesion of interlayers after different 
wetting–drying cycles

Number of cycles Saturated state Dry state
Dc,wet Dc,dry

0 0.00 0.00
1 0.01 0.01
3 0.21 0.26
6 0.37 0.31
10 0.39 0.42
15 0.45 0.60
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Considering that at the micro-view, a micro-unit in rock 
disintegrates when its shrinkage–expansion strain caused by 
wetting–drying cycles exceeds the threshold level (as shown 
in Fig. 6c), the damage state of the micro-unit can be viewed 
as closely relevant to its micro strain. We assumed that the 
damage probability density function for micro-units caused 
by micro strain � due to wetting–drying cycles is p(�) . Then, 
the damage variable can be expressed as follows:

The Weibull distribution, which is commonly used in 
structural failure applications (Lu et al. 2002; Seal and 
Sherry 2016; Zhang et al. 2020), was used to describe the 
micro-damage in this study. Therefore, the strain probability 
density function becomes as following:

where k and � are the shape and scale parameters, respec-
tively. Combining Eqs. 6 and 7, the damage variable D based 
on the Weibull distribution can be obtained:

According to Eq. 8, the relationship between the dam-
age variable D and the micro strain � during wetting–drying 
cycles was obtained. However, in the practical use of Eq. 8, 
it is difficult to determine the value of the micro strain � . As 
an alternative, we assumed that the micro strain � follows a 
linear relationship with the number of wetting–drying cycles 
n:

where � is a linear fitting coefficient. Substituting Eq. 9 into 
Eq. 8, results in the following expression:

Combining Eqs. 3 and 10, we can obtain the strength 
degradation model of cohesion of rock interlayers:

where c0 and cn are the initial cohesion and cohesion after n 
wetting–drying cycles, respectively; n represents the number 
of wetting–drying cycles; and k and �∕� can be viewed as 
the shape and scale parameters in the Weibull distribution. 
The testing results in Table 3 were used to fit the power rela-
tionship of Eq. 11. The values of the shape parameter k and 

(6)D =
∫ Np(�)d�

N

(7)p(�) =
k

�

(

�

�

)k−1

exp

[

−
(

�

�

)k
]

(8)D = 1 − exp

[

−
(

�

�

)k
]

.

(9)�=�n

(10)D = 1 − exp

[

−
(

�n

�

)k
]

.

(11)
cn

c0
= exp

[

−
(

�n

�

)k
]

= exp

[

−

(

n

�∕�

)k
]

scale parameter �∕� were then obtained, as shown in Fig. 9. 
Plugging Eq. 11 into the Mohr–Coulomb strength criterion, 
we obtained the damage evolution law for the shear strength 
of the rock interlayer during wetting–drying cycles:

For the dry state:

For the saturated state:

where the subscript n denotes the number of wetting–drying 
cycles, and the subscript dry/wet represents the dry/satu-
rated state, � is the shear strength of the interlayer, � is the 
applied normal stress, c0 is the original cohesion, � is the 
average internal frictional angle, and D represents the dam-
age variable.

A detailed comparison of the shear strength between the 
experimental results and the estimated values based on the 
damage evolution model is listed in Table 5. The relative 
errors of this method are less than 10%, which suggests 
that the proposed model is capable of estimating the shear 
strength of rock interlayers subjected to wetting–drying 
cycles.

5  Limitation and Discussion

It should be noted that there are a few factors that limit the 
generalization of the findings made in this study. For start-
ers, in the drying process, to speed up the drying process, a 
temperature of 105 °C was adopted, which is generally con-
sidered too high and may cause damages to clayey materials. 
A gentle temperature, such as 60 °C, is recommended in the 
future tests. Second, considering the high-stress geologic 
setting of the study area, the vertical stresses applied in the 
direct shear tests were set at high levels. The correspond-
ing results were evaluated using the linear Mohr–Coulomb 
criterion, which is believed to work well at low stress levels. 
However, it is known that the shear strength envelope for 
rock is highly nonlinear, especially at low stress levels. The 
present study lacks the results of direct shear tests performed 
at low stress levels. It is suspected these may be the causes of 
higher cohesions in saturated state. In future studies, direct 
shear tests at low stress levels should be carried out, and 

(12)

�n,dry = c0,dry
(

1 − Dn,dry

)

+ � tan
(

�dry

)

Dn,dry = 1 − exp

[

−

(

n

�∕�

)k
]

, (�∕� = 17.46, k = 0.8957).

(13)

�n,wet = c0,wet
(

1 − Dn,wet

)

+ � tan
(

�wet

)

Dn,wet = 1 − exp

[

−

(

n

�∕�

)k
]

, (�∕� = 26.55, k = 0.6366)
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a more complicated criterion may be used to evaluate the 
shear strength of rock interlayers at both high and low stress 
levels. Other reasons such as the clayey matrix of the inter-
layer being only partially saturated may also lead to higher 
cohesions in saturated state. Microscopic analysis (such as 
XRD and SEM) on the change of the clayey fraction during 
wetting–drying cycles may help clarify this issue. Last but 
not least, we assumed that the relationship between the strain 
and the number of wetting–drying cycles was linear when 
deducing the damage evolution model. However, it has been 
suggested that rock subjected to cyclic wetting–drying dis-
plays finite damage deformation, after which no further dam-
age strain is caused by the application of additional cycles. 
In other words, the relationship between the strain and the 
number of wetting–drying cycles may only be linear at a 
low number of cycles, which means our testing results and 
the proposed degradation model are valid for only a limited 
number of wetting–drying cycles.

6  Conclusions

The mechanical weakening of sedimentary rocks induced 
by wetting–drying cycles is a well-known and extensively 
characterized phenomenon. Many experimental studies have 
been reported on the mechanical behaviors of intact sedi-
mentary rocks under wetting–drying cycles. However, weak 
interlayers, which are widespread geological component in 
rock masses, have a significant influence on the strength 
of rock masses. Their water-weakening behaviors have not 
been clearly identified and quantified. In this paper, the shear 
behaviors of natural rock interlayers under wetting–drying 
cycles were investigated by conducting direct shear tests. 
The main conclusions are as follows:

1. In general, the shear strength of dry sample is higher 
than that of water-saturated sample when after the 
same wetting–drying cycles. Both the saturated and dry 
strengths of rock interlayers decrease with increasing 

wetting–drying cycles. Distinguishingly, the decline 
trend in saturated strength will slow-down after a certain 
number of wetting–drying cycles.

2. The two Mohr–Coulomb shear strength parameters, i.e., 
internal frictional angle and cohesion, present different 
variation characteristics and sensitivities to the number 
of wetting–drying cycles: the magnitude of the internal 
frictional angle fluctuates slightly and irregularly near its 
average level with an increasing number of wetting–dry-
ing cycles, while the cohesion shows a clear nonlinear 
decreasing trend as the number of wetting–drying cycles 
increases.

3. A damage evolution model incorporating the influence 
of wetting–drying cycles was developed to describe the 
degradation characteristics of the rock interlayer with an 
increasing number of wetting–drying cycles. It can be 
used to estimate the shear strength of the rock interlayer 
during the cyclic process of wetting–drying.

This study can contribute to a better understanding of 
the mechanism of the variations in shear characteristics 
under cyclic wetting–drying conditions. Additionally, the 
results can be used to assess the stability of discontinuous 
rock structures, where the effect of wetting–drying cycles 
should be considered.
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