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The deterioration of rock strength due to cyclic fluctuations in the groundwater level in
drawdown regions influences bank slope stability. Based on wetting–drying cycling and
uniaxial compression tests of sandstone specimens, the intact rock strength deterioration
characteristics were analyzed. Considering different types of rock mass discontinuities, the
rock mass strength deterioration features were shown. The results of rock mass strength
deterioration characteristics were then applied in sandstone slope stability analysis. Using
the finite element method, the safety factors of the slope under different wetting–drying
cycles were computed based on the generalized Hoek–Brown failure criterion. Meanwhile,
statistical distribution features of strength parameters were considered, and safety factor
distribution of studied slopes was obtained with Monte Carlo simulation. The results show
that rock mass deformation modulus decreased during wetting–drying cycling. The mean
safety factors of the slope with any type of discontinuities were reduced by wetting–drying
cycling in probabilistic analyses. Wetting–drying cycling plays an important role in
damaging slope stability at initial stages since the degree of rock mass strength
deterioration is remarkable during initial wetting–drying cycles. However, the rock mass
strength and safety factor of the slope are reduced gently after 10 wetting–drying cycles.
This research presents the phases of the effect of wetting–drying cycles on sandstone
slope stability in drawdown regions.
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INTRODUCTION

Bank slopes in drawdown regions are prone to be damaged by wetting–drying effects due to cyclic
fluctuations in the groundwater level. Wetting–drying cycling would soften the geologic materials on
the banks, decrease their shear strength, and in turn affect the stability of bank slopes (Sun et al., 2015;
Liao et al., 2020).

Most studies focused on the multiple-layer landslides, whose failure mostly depends on existing
sliding zone or soil-bedrock interlayer (Tang et al., 2016; Zhang et al., 2020; Li et al., 2021). Such
landslides usually have relatively obvious sliding surfaces, and the slope failure occurred due to
structurally controlled surfaces. However, few studies particularly assessed the stability of jointed
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rock slopes only defined by intersecting discontinuity systems,
whose type of slope failure does not depend on structurally
controlled surfaces. This sort of slope can be considered
homogeneous and isotropic when discontinuity sets are
sufficiently closely spaced relative to the size of the structure
(Hoek and Brown, 2019). The steep homogeneous-like sandstone
slopes, which spread widely in Three Gorges Reservoir bank, are
the focus of this research.

Regarding quantitative approaches, the deterministic analysis
is a common method adopted for assessing slope stability.
However, due to the randomness and uncertainty of the
parameters affecting slope stability, it is more reasonable to
use probabilistic analysis (Miao et al., 2016; Guo et al., 2020;
Kang et al., 2021). Therefore, the dispersion of sandstone strength
properties will be considered in current quantitative assessment
of slope stability.

In the present study, a typical rock slope composed of
sandstone on the bank of Three Gorges Reservoir was selected.
Based on the strength deterioration law of intact sandstone, the
strength characteristics of rock masses due to wetting–drying
cycles were explored. Meanwhile, statistical distribution features
of strength parameters were considered with Monte Carlo
simulation. Accordingly, with the help of the RS2 program
(Rocscience, 2021), finite element analysis (FEM) based on the
generalized Hoek–Brown failure criterion was conducted to
investigate the changing rule of safety factors of sandstone banks.

METHODS

Cyclic Wetting–Drying Tests of Intact
Sandstone
The sandstone specimens in the Chongqing Reservoir area were
selected for strength tests under wetting–drying cycles (Huang
et al., 2018). A uniaxial compression test in the laboratory was
carried out to observe the effects of cyclic wetting–drying on
uniaxial compressive strength (UCS) and deformation modulus
(Ei) of intact rocks. Before the test, sandstone specimens were
subjected to 1–30 wetting and drying cycles. Meanwhile, 3
untreated sandstone specimens were also tested to determine
the initial mechanical properties of the specimens without
wetting–drying cycles. The material’s damage due to
wetting–drying cycling can be defined as a value of
“Degradation Degree (DD)”. DD indicates the change of the
material strength, which refers to UCS and Ei in this study.
Degradation Degree was calculated as

DDUCS � (1 − UCSN/UCS0)×100% (1)
DDEi � (1 − EiN/Ei0)×100% (2)

where DDUCS and DDEi are the total degradation degree of UCS
and Ei, respectively; UCSN and EiN are the compressive strength
and deformation modulus of specimens after N wetting–drying
cycles, and UCS0 and Ei0 are the uniaxial compressive strength
without wetting–drying cycling.

The change of the Degradation Degree represents that
sandstone had a different amount of degradation with

increasing number (N) of wetting–drying cycles. The
relationships between DDUCS and DDEi of intact sandstone
and “N + 1” could be fitted by a logarithmic curve as follows
(Huang et al., 2018):

DDUCS � 15.548 ln(N + 1) + 6.198 (3)
DDEi � 14.872 ln(N + 1) + 0.186 (4)

Regarding the limitation of specimen selection location, the
rock strength without wetting–drying cycles in the above tests
could not be representative enough. To solve that, the more
presentative UCS and Ei of sandstone were adopted in following
calculation. The strength deterioration relationships obtained
above were then applied to compute UCS and Ei with
different wetting–drying cycles.

Generalized Hoek–Brown Criterion
The generalized Hoek–Brown criterion reported by Hoek et al.
(2002) was developed as a means to estimate rock mass strength.
The Hoek–Brown criterion is based on the assumption of
isotropic behavior, which is considered reasonable for rock
masses composed of blocks of intact rock separated by
intersecting discontinuities. It integrates the intact rock
properties from laboratory tests and geological characteristics
from the field observations. Based on rock mass quality, the intact
rock strength is quantitatively downgraded in order to estimate
the strength of rock mass. The generalized Hoek–Brown criterion
is expressed as

σ1 � σ3 + σci(mb
σ3
σci

+ s)
a

(5)

where σ1 and σ3 are Major and Minor principal stress,
respectively; σci is uniaxial compressive strength (UCS) of the
intact rock; and s, a, and mb are Hoek–Brown material constants
determined by a constantmi, geological strength index (GSI), and
disturbance factor D:

mb � miexp(GSI − 100
28 − 14D

) (6)

s � exp(GSI − 100
9 − 3D

) (7)

a � 1
2
+ 1
6
(eGSI/15 − e20/3) (8)

Rock mass deformation modulus Em could be estimated by the
following equation (Hoek and Diederichs, 2006):

Em � Ei(0.02 + 1 −D/2
1 + e(60+15D−GSI)/11)) (9)

where Ei is the intact rock deformation modulus (MPa).
Through the field observations, the value of GSI can be

obtained via the basic GSI chart (Hoek and Marinos, 2000).
The selection of GSI value depends on structure and surface
conditions of the discontinuities. Note that assigning a range of
values to GSI is more realistic than a precise value.

The geotechnical software RS2 (Rocscience, 2021) for slope
stability analysis allows the nonlinear generalized Hoek–Brown

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8388622

Kang et al. Slope Stability, Wetting-Drying, Hoek-Brown Criterion

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


criterion to be used directly, rather than equivalent linear Mohr-
Coulomb criterion to be obtained firstly. Therefore, the RS2
program was used to assess the slope stability in this research.

Finite Element Modeling With Strength
Reduction Analysis
A typical 100-m-high rock slope composed of sandstone on the bank
of Three Gorges Reservoir was selected, shown in Figure 1A. The
numerical model of slope stability was set up using the FEM software
RS2 (Rocscience, 2021). In this model, the total height of the slope is
100m, and slope angle is 60° (see Figure 1B). Considering that the
reservoir water level rises and falls between 145 and 175m (Huang
et al., 2020), the middle part of sandstone slope with a height of 30m
is regarded as a cyclic wetting–drying layer, the mechanical
properties of which were the focus of this research, presented in
Table 1. The material properties of the upper layer and the lower
layer are regarded natural and saturated, respectively. The input
parameters for slope stability analysis included unit weight (γ),
Poisson’s ratio (μ), Ei, UCS, GSI, mi, and D. The values of the
following parameters were set to be constant: γ = 24 kN/m3; μ = 0.3;
mi = 17; and D = 0. The other parameters were set to be variables,
which will be presented in the following content.

Only the effect of gravity was considered in this slope model.
The model was meshed with six-noded triangles with 1,369
elements. In terms of boundary conditions, the lateral sides

and the bottom were totally restrained, while free boundary
condition was applied to ground surface.

Note that the study slope was without dominant sliding zone
or structural surface. The rock mass could be considered
homogeneous and isotropic, whose failure pattern is sliding
and rotation, according to the generalize Hoek–Brown criterion.

Strength reduction analysis does not require any assumptions
about the shape or location of the failure surface. The critical
strength reduction factor is regarded as the safety factor of a slope.
The strength reduction method will automatically determine the
most critical failure mode and the corresponding safety factor.

Monte Carlo Method
Monte Carlo simulation is one of the most popular probabilistic
methods developed to incorporate uncertainties in slope stability
(Griffiths and Fenton, 2004). In this study, the Monte Carlo
method is employed to the probabilistic slope stability analysis.
Fundamental to the Monte Carlo method are the randomly
generated input parameters that are fed into a deterministic
model. This needs to be done using a random number
generation function. The random numbers generated from the
function are uniformly distributed with values between 0 and 1.
The generated random number is then used to get a new
parameter value for the sampling function. In this study, the
normal distribution function is selected as the sampling function,
depending on mean value and coefficient of variation (COV).

FIGURE 1 | (A) A typical 100-m-high slope consisting of sandstone with slope angle of 60° on the bank of Three Gorges Reservoir. (B) The numerical slope model.

TABLE 1 | Values of mechanical parameters of the intact rock and the rock masses.

Number of
wetting–drying cycles

UCS (MPa) Ei (GPa) Em (GPa)

Degradation
degree, DUCS

Range Mean COV Degradation
degree, DEi

Range Mean COV GSI = GSI = GSI =

25–35 40–50 60–70

0 0% 50–100 75.0 0.11 0% 14.0–16.0 15.0 0.02 0.80–1.80 2.20–4.90 7.30–11.70
1 17% 42–83 62.3 10% 12.7–14.3 13.5 0.76–1.60 2.00–4.30 6.60–10.50
5 34% 33–66 49.5 27% 10.3–11.7 11.0 0.60–1.30 1.60–3.60 5.40–8.50
10 43% 29–57 42.8 36% 9.0–10.2 9.6 0.54–1.10 1.40–3.10 4.70–7.30
15 49% 26–51 38.3 41% 8.4–9.4 8.9 0.50–1.07 1.34–2.90 4.40–6.90
20 54% 23–46 34.5 45% 7.8–8.8 8.3 0.47–1.00 1.25–2.70 4.10–6.50
25 57% 22–43 32.3 49% 7.2–8.2 7.7 0.43–0.93 1.15–2.50 3.70–6.00
30 60% 20–40 30.0 51% 6.9–7.8 7.4 0.42–0.89 1.12–2.40 3.64–5.80
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As previously mentioned, assigning a range of values to GSI is
more realistic than a precise value. The GSI could be seen as an
uncertain parameter. Meanwhile, UCS can vary from point to
point in one rock slope. UCS can also be assigned to a range of
values. Therefore, two uncertain parameters related to the
generalized Hoek–Brown failure criterion are modeled as
random variables. These are the Geological Strength Index
(GSI) and the uniaxial compressive strength of the intact rock
(UCS). Besides, deformation modulus (Ei) of intact rocks related
to finite element calculation is also selected as random variables.
According to different types of rock mass discontinuities, GSI
range of sandstone slope was roughly classified into 3 groups:
60–70 for massive slope, 40–50 for thin bedded slope with
interlocking blocks, and 25–35 for bedded slope with complex
folding. The GSI range selection was referring to some typical
rock mass examples for different rock formations in Hoek and
Brown (2019). The range of UCS and Ei of natural sandstone
without wetting–drying cycling was set up to 50–100 MPa and
14–16 GPa, respectively (Hoek and Brown, 1997). The COV of
sandstone material properties (UCS and Ei) before and after
wetting–drying cycles is assumed to be constant, as shown in
Table 1. The statistics of UCS and Ei subjected to 1, 5, 10, 15, 20,
25, and 30 wetting–drying cycles are presented in Figure 2A and

Figure 2B, respectively. In current probabilistic analysis, the
safety factor of slope will be recomputed 1,000 times (number
of samples = 1,000), using a different set of randomly generated
input variables for each analysis.

RESULTS

Rock Mass Deformation Modulus
Deterioration
As mentioned above, the deterioration law of intact rock
deformation modulus (Ei) has been presented as Eq. 4.
Using Eq. 9, the rock mass deformation modulus (Em) in
the sandstone slopes at different stages of wetting–drying
cycling was obtained. The range of rock masses Em
considering various GSI groups is shown in Table 1. From
Figure 2C, it can be seen that with the value of N increasing,
Em decreased gradually. At the initial wetting and drying
cycles, the Em of sandstone rock mass degenerated rapidly.
With the increase in the value of N, the rate of Em decrease had
a tendency to slow down. The main deterioration process
occurred before 10 wetting–drying cycles. Taking the slope
with GSI of 25–35 as an example, the range of Em value is

FIGURE 2 | (A)Uniaxial compressive strength range and (B) deformationmodulus range of intact sandstone exposed to 1, 5, 10, 15, 20, 25, and 30wetting–drying
cycles incorporating normal distribution. (C)Rockmass deformationmodulus changing trend at different stages of wetting–drying cycling. (D)Relationships between the
number of wetting–drying cycles and the safety factor of the slope.
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0.8–1.8 GPa without wetting–drying cycling. When the value
of N was respectively 1, 5, 10, 15, 20, 25, and 30, the Em of
sandstone was reduced to 0.76–1.60, 0.60–1.30, 0.54–1.10,
0.5–1.07, 0.47–1.00, 0.43–0.93, and 0.42–0.89 GPa. It shows
that Em dropped dramatically as N was 1, 5, and 10, then Em
decreased gently after 10 cycles. It is also clear that Em was
decreasing as GSI was decreasing. Em with a GSI of 60–70 is
approximately 10 times of that with a GSI of 25–35.

Safety Factor of Sandstone Slope
Safety factors (Fs) of the study slope were computed though
FEM software RS2 based on the generalized Hoek–Brown
criterion. Figure 2D shows the safety factor of sandstone
slope after different numbers of wetting–drying cycles. As
Monte Carlo simulation was carried out, the results of
safety factor show dispersion, which includes maximum,
mean, and minimum values. It can be seen from Figure 2D
that after 30 wetting–drying cycles, the mean Fs of the slope
with a GSI of 60–70 drops from 4.84 to 3.82; the mean Fs with a
GSI of 50–70 drops from 2.93 to 2.48; the mean Fs with a GSI of
50–70 drops from 1.89 to 1.63. The changing trend of mean
safety factors indicated that sandstone slope stability had
undergone different amounts of degradation after
wetting–drying cycling.

For sandstone slope with different GSI ranges, the relationship
between mean Fs and “N+1” could be fitted by logarithmic curves
as follows:

For GSI � 60 − 70 : Fs � − 0.298ln(N + 1) + 4.8743 ; R2

� 0.995 (10)

For GSI � 40 − 50 : Fs � − 0.123ln(N + 1) + 2.9292 ; R2

� 0.995 (11)
For GSI � 25 − 35 : Fs � − 0.074ln(N + 1) + 1.8921; R2

� 0.998 (12)
Taking the slope with a GSI of 25–35 as an example, Figure 3

displays a plot of the shear strain of the slope with the strength
reduction method after different numbers of wetting–drying
cycling. Once the slope failure happens in FEM, the well-
formed shear band would be presented as shown in Figure 3.
The maximum shear strain occurs at both the upper layer and the
cyclic wetting–drying layer when subjected to 1, 5, and 10
wetting–drying cycles, while it mainly occurs at the cyclic
wetting–drying layer when subjected to 15, 20, 25, and 30
wetting–drying cycles. The mean safety factor of the slope
without wetting–drying cycling (0 wetting–drying cycle) is
1.89. While, the mean safety factors of the slope subjected to
1, 5, 10, 15, 20, 25, and 30 wetting–drying cycles are 1.84, 1.76,
1.72, 1.69, 1.67, 1.65, and 1.63, respectively. As shown in Figure 3,
the slope stability decreases as the number of wetting–drying
cycles increases.

DISCUSSION

As mentioned above, considering different types of rock mass
discontinuities, the slope composed by sandstone was classified
into 3 categories in this study: massive slope of high GSI values,
thin bedded slope with interlocking blocks of mediumGSI values,

FIGURE 3 | Plots of the shear strain of the slope using the strength reduction method with mean Fs: (A) before wetting–drying cycling; (B) after 1 wetting–drying
cycle; (C) after 5 wetting–drying cycles; (D) after 10 wetting–drying cycles; (E) after 15 wetting–drying cycles; (F) after 20 wetting–drying cycles; (G) after 25
wetting–drying cycles; (H) after 30 wetting–drying cycles.
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and bedded slope with complex folding of low GSI values. From
Figure 2D, it is clear that Fs with a certain GSI range decreases as
the number of wetting–drying cycles increases, and that Fs was
reduced with the decrease in GSI during a certain wetting–drying
cycle. In probabilistic analysis, the Fs of the slope with a high GSI
varies more widely than that with a low GSI. It indicates that both
wetting–drying cycling and rock mass discontinuities affect slope
stability. However, the influence of wetting–drying cycling on
slope stability deterioration becomes small after 10
wetting–drying cycles, while GSI is the dominant factor of
slope stability.

It could be understood that wetting–drying cycling affects the
microstructure of sandstone, while GSI affects the macrostructure
of the whole rock slope. As known, wetting–drying cycles can
dissolve some minerals and weaken the cement among grains in
sandstone. However, the remaining minerals are not easy to
dissolve after 10 wetting–drying cycles. Meanwhile, the pore
structure in rock is hard to expand during subsequent
wetting–drying cycling. Therefore, the strength of the
sandstone and Fs of the slope with the same GSI is slightly
reduced after 10 wetting–drying cycles. When the influence of
wetting–drying cycling on slope stability is limited, the GSI turns
out to be the dominant factor affecting slope stability.

In this study, the range of natural sandstone mechanical
properties is selected to be representative of those referred to
in the literature, and applied in strength deterioration
relationships (see Eqs 3 and 4) developed by authors, and
then the rock mass mechanical properties and safety factor
were obtained. However, the mechanical properties of intact
sandstone in a specific site could be different from the values
selected in this study. The only normal distribution was assumed
for GSI and mechanical properties in the probabilistic analysis.
Other distribution types like lognormal could be applied in future
research.

CONCLUSION

The rock mass mechanical properties and the safety factors of the
slope under different wetting–drying cycles were analyzed based
on generalized Hoek–Brown failure criterion. Some conclusions
have been drawn:

1) Wetting–drying cycles have a remarkable influence on
mechanical properties of sandstone rock mass at initial
stages (N = 1, 5, and 10). After that, the rock mass
strength is reduced gently or nearly kept constant with
increasing number of wetting–drying cycles.

2) With the number of wetting–drying cycles (N) increasing, the
Fs of sandstone slope at different GSI ranges decreases, and the
relationship between Fs and the value of N+1 could be fitted by
logarithmic curves. The most deteriorating process of Fs of
sandstone slope with constant GSI happens during the initial
stages of wetting–drying cycles.

3) Both wetting–drying cycling and GSI influence slope stability.
The influence of wetting–drying cycling on slope stability
becomes small after 10 wetting–drying cycles, while GSI then
becomes the dominant factor of slope stability.
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