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Abstract

The water weakening effect refers to the gradual deterioration of soil mechanical properties under long-term saturation. This
paper analyzed the impact of water weakening on slope stability under alternating excavation and rainfall. The field investiga-
tion speculated shale hydration as the cause of overall slope instability. The mechanical parameters of hydrated shale were
determined by the parameter inversion and empirical estimation methods. The simulations were used to restore the process
of parameter weakening and slope failure, and confirmed the fact that hydration causes landslide. Furthermore, the failure
mechanism of slope and support structure under hydration were investigated. The results show that the mechanical parameters
of the slope decreased linearly, whereas the plastic strain—time and total displacement-maximum shear stress curves of the
hydrated shale exhibited three stages: slow initial growth, rapid growth in the middle term, and rapid increase in the later
period; the rate of slope deformation and the factor of safety reduction also gradually increase over time; under middle stage
of hydration, the middle to rear of shale were extruded, while the front first underwent tensile shear deformation, forming a
plastic zone of at rear and front excavated slope; In the late stage, hydrated shale quickly reaches its yield limit (maximum
shear stress of 270 kPa), the middle and rear shale is damaged and compresses the front, causing it to transform from tensile
shear to compressive shear failure. The plastic zone in the rear extends forward and connects with the front ones, forming
an overall landslide. Besides, preventing deep landslides caused by hydration through waterproofing, drainage, protection,
and support for excavated slopes has proven difficult. Therefore, it is necessary to redesign treatment schemes based on the
characteristics of stress, strain, and seepage.
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Introduction instability of engineering slopes caused by excavation and

rainfall is countless, for example the improper excavation

Slope failure sometimes exhibits progressive characteris-
tics. Initially, a local soil mass will be damaged and form a
plastic zone, which will then pull or push the rest to expand
the plastic zone, ultimately leading to slope instability (Bas-
tian et al. 2021; Gong et al. 2017; Yu et al. 2021). Land-
slide development often results from continuous exposure
to a single factor, such as rainfall or excavation, or from
the sequential impact of multiple inducing factors, includ-
ing earthquakes and rainfall. Over the past few decades, the
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and rainfall-induced softening of weak interlayers led to a
gently inclined bedding landslide at a construction site in
Bijie City, Guizhou Province, China, resulting in 14 deaths
and three injuries on January 3, 2022 (Tao et al. 2022). Simi-
larly, sustained heavy rainfall triggered slope instability at
an excavated cutting slope along the Mawlamyine Highway
in Mon State, Myanmar, causing 75 deaths and 27 dam-
aged buildings on August 9, 2019 (Panday et al. 2021). On
September 2, 2018, both rainfall and excavation decreased
the effective stress and tensile resistance of soil at the slope
toe, damaging the northern slope of Mengdong Town, Yun-
nan Province, China, leading to 10 deaths and 11 missing
persons (Yang et al. 2020a). On September 23, 2017, due
to rainfall infiltrating along the cracks formed by excava-
tion and weakening the mechanical parameters of the rock
mass, a landslide occurred at the construction site of Sanli
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Road in Libo County, Guizhou Province, China, resulting in
3 deaths and 6 injuries. The landslide blocked the highway
ramp (Zhao et al. 2019). On August 27, 2014, a high-speed
landslide occurred in Fuquan, Guizhou, China, 23 people
were killed, 22 were injured, and 77 houses were damaged.
On site research shows that excavation leads to stress con-
centration at the middle of the slope, and subsequent rain-
fall causes an increase in groundwater level, both of which
jointly trigger landslides (Lin et al. 2018a, b). These cases
illustrate that slope failure resulting from combined excava-
tion and rainfall has become a significant engineering prob-
lem, not only resulting in substantial economic losses but
also posing a serious threat to civilian safety.

Currently, significant research has been conducted on
the mechanism of shallow progressive landslide caused by
excavation and rainfall. Scholars have found that excava-
tion unloading can cause stress field adjustment, leading to
excessive differences between major and minor principal
stresses of rock and soil mass, which in turn leads to crack
expansion and generation due to shear stress exceeding peak
strength (Fang et al. 2022a; Feng et al. 2022; Liang et al.
2014; Wang et al. 2022; Xu et al. 2023; Yang et al. 2023).
Meanwhile, excavation can result in loss of slope effective
mechanical support, as well as providing an infiltration chan-
nel for rainfall (Gong 2021; Li et al. 2020a; Peng et al. 2019;
Robert 2017; Shi et al. 2021). Subsequent rainfall reduces
matric suction and effective stress of unsaturated soils
(Fredlund and Lim 1994; Oh and Lu 2015; Bishop 1959),
decreasing shear strength parameters while increasing the
density of rock and soil mass (Qi et al. 2022; He et al. 2022).
Rainfall promotes crack development, drive the sliding sur-
face to expand with the formation of new plastic zone, and
rapidly transform local deformation into a landslide. Infil-
tration along the excavated slope surface erodes the slope
toe, causing failure and tractive landslides. Simultaneously,
the accumulation at the slope crest cracks generates hydro-
static pressure, compressing the rock and soil mass at the
rear and in turn resulting in a push-type landslide. How-
ever, the mechanism of deep landslides remains a complex
topic. Several studies have shown that the sliding surface
in engineering slopes with groundwater often coincides or
intersects with the elevated water level replenished by rain-
fall (Zhang et al. 2021; Lin et al. 2018a, b). Additionally, the
softening of sliding zone soil is significantly higher than that
of saturated soil, indicating further reduction in mechanical
parameters of rock and soil below the water level due to the
hydration or water weakening effect (Meng et al. 2020; Zhu
et al. 2020).

Experimental studies on various rock and soil masses
under long-term saturation have shown that water causes
minerals volumetric expansion, cement dissolution between
particles, and microcracks expansion, leading to a decrease
in compressive and tensile strength, elastic modulus, critical
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strain, and shear strength over time (Zhu et al. 2022; Zhao
et al. 2022a, b; Chen et al. 2019a, b; Liu et al. 2022). Water
weakening is being recognized as an important factor induc-
ing disasters in deep soft rock formations to date, such as
large deformation of tunnel surrounding rocks (Yang et al.
2020b; Bian et al. 2019) and the formation of weak interca-
lations in slopes (Huang and Gu. 2017; Zhang et al. 2017).
Nevertheless, the study of the impact of hydration on slope
stability and the mechanical behavior of engineering rock
masses under hydration is still limited.

In this study, an engineering slope affected by excava-
tion and rainfall was taken as an example. Firstly, through
field investigation and geological survey, the shale hydration
due to rainfall infiltration was identified as the primary fac-
tor contributing to overall slope instability. Secondly, the
mechanical parameters of hydrated rock and soil mass were
determined using the parameter inversion and formula calcu-
lation. Lastly, the numerical simulations were conducted to
reveal the slope progressive failure process and mechanism,
as well as the mechanical behavior of the engineering rock
and soil mass under hydration.

Overview of the highway slope
Basic characteristics and failure process

The studied highway slope is situated in Guangdong
Province, China. The slope is covered with dense veg-
etation, which can be divided into K158 +280~590 and
K158 +590~700 sections by a gully, as depicted in Fig. 1(a).
The terrain slopes downwards from north to south, with a
relative height difference of 90 m, as shown in Fig. 1(b). The
natural slope angle ranges from 16° to 20°, and the incli-
nation is 180°. The area presents a syncline structure, the
north and south rock strata dip between 15-53° and 19-61°
respectively, which are both dip rock strata and not condu-
cive to slope stability.

The K158 + 280~ 590 section, which was selected as the
case slope, experienced progressive failure due to rainfall
infiltration on the excavated slope surface. The initial exca-
vation began in November 2015 and ended in April 2016,
forming a three-level slope, each with a slope ratio of 1:1.1
and a height of 10 m. In early May of the same year, a con-
tinuous rainfall occurred, lasting for 93 days and resulting
in an accumulation of 1992 mm. Following the rainfall, the
excavated slope collapsed, 11 underground water springs
were revealed at the lower first level slope to slope toe, as
depicted in Fig. 2(b).

After the excavated slope failed, a modified construc-
tion plan was adopted, which included adjusting each level
slope ratio to 1:1.25, wall masonry protection and 12 m
full-length bonded bolt support. Meanwhile, ditches were
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Fig.1 Slope topography and geomorphic characteristics: (a) UAV image, (b) 3D terrain map
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Fig.2 The landslide characteristics: (a), (d), (f) shear outlets, (b) underground water springs, (¢) landslide drumlin, (e), (h) cracks, (g) through

cracks, and (i) remote sensing image of landslide area

also set on the slope shoulder to intercept surface run-
off. Unfortunately, the slope slid and significant deformed
just 30 days after construction was completed. The front
toe extruded and uplifted to form a landslide drumlin, as
shown in Fig. 2(c). Shear outlets were found at the lower
first level slope, as depicted in Fig. 2(a), (d), and (f). At
the middle, soil masses from the first and second level

slid, causing the first-level platform to stagger by 0.6 m.
Cracks were also observed at the intercepting ditch of
the slope shoulder and the second platform, as seen in
Fig. 2(e) and (h), suggesting that the supporting structure
wasn't effective. A large number of through cracks with a
width of 50-100 cm were also observed 135-240 m behind
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the slope shoulder, as shown in Fig. 2(g). The large-scale
landslide from the top to the foot of the slope has formed.

Field investigation and analysis

After the landslide, geological survey and deformation mon-
itoring were carried out on the slope area. To begin with,
based on the location of tension cracks and landslide drum-
lin, it is estimated that the sliding direction is 178°. Next, to
explore groundwater level and strata, a total of 22 geologi-
cal boreholes were drilled along the sliding direction and
route, forming three geological sections K158 + 360, 430,
and 500, as well as one cross-section, as shown in Fig. 2(i).
Furthermore, in order to determine the sliding surface, 16
monitoring holes (BPC1 ~ 14) were arranged in the geologi-
cal borehole and its vicinity, and the inclinometer is used
to measure the movement of the sliding body, as shown in
Fig. 3(a), (b) and (c).

The drilling results show that the strata are gently inclined
from north to south and basically parallel to the terrain from
east to west. The slope is covered by argillaceous sandstone,
carbonaceous shale, and argillaceous limestone from top to
bottom. The sandstone cores are broken and soft, showing
no apparent signs of immersion, as depicted in Fig. 3(e).

The shale cores are earthy and wet, displaying obvious slip
marks, as illustrated in Fig. 3(f). The limestone cores are
incomplete and hard, without sliding mark on the surface,
as shown in Fig. 3(g). Groundwater levels were observed 32
times, including 16 times both for initial water and stable
water level, all of which were located in the lower carbo-
naceous shale. Groundwater was found to be gushing out at
the front of K158 4430 section, with a daily inflow of 0.72
tons. The location is close to the water springs, indicating
that the groundwater level has hardly changed after local
failure, as shown in Figs.2 (b) and 3 (h). Combined with the
preliminary investigation report, it can be speculated that the
initial groundwater level is located at the upper argillaceous
limestone and rises to the lower carbonaceous shale after
being recharged by rainfall in May, 2016.

To initially determine the position of the sliding surface
and monitor the further development of the landslide, a total
of 16 deep displacement monitoring points were installed
on the slope. Meanwhile, the inclinometers were utilized to
track the changes of slope displacement. Deep displacement
monitoring began on October 6th, 2016 after the landslide,
and ended on November 28th. BPCX1-5 monitoring holes
are arranged at K158 + 360 section. Based on the inflec-
tion point of the displacement curve, the sliding surfaces
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Fig.3 Field investigation: (a) the geological cross section, (b), (c), (d) K158+ 360, 430, and 500 sections (e), (f), (g) cores of argillaceous sand-
stone, carbonaceous shale and argillaceous limestone, and (h) groundwater seepage at lower first-level slope
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is speculated at 12.2, 22.7, 28.6, 23.8, and 22 m below the
surface, with cumulative displacement of 60.1, 57.4, 49.4,
18.3, and 24.2 mm. BPCX7-12 monitoring holes are set up
at K158 4430 section, the sliding surface is speculated at
18, 24.9, 26.7, 25.7, 28.3, and 28.9 m deep, with cumu-
lative displacement of 64.4, 53.1, 22.6, 24.1, 37.6, and
41.2 mm. BPCX14-16 boreholes are arranged at K158 + 500
section, the sliding surface is speculated at 31.3, 26, and
30.1 m deep, with cumulative displacement of 43.5, 20.9,
and 28 mm. BPCX6 and BPCX13 are arranged at the cross-
section, the sliding surface is speculated at 29.7 and 28.2 m
deep, with cumulative displacement of 35.7 and 31.5 mm.

Based on the displacement inflection point and the core
data with sliding traces obtained from drilling exploration,
the depth of sliding surface was completely determined, as
shown in Fig. 3(a) ~(d). The landslide type was a bedding
landslide. The sliding surface rapidly extended downwards
to the carbonaceous shale and cut out from the first level
slope. This result is consistent with the obvious scratches
on the carbonaceous shale core, manifesting that the sliding
zone is the lower carbonaceous shale. Since the depth and
cumulative deformation of the slip surface at the K158 +430
section are the largest, and the landslide drum and tensile
cracks are located nearby, it can be basically determined
that this section is the main axis of the landslide. Consider-
ing that the lower shale is extremely soft and humid, water
should be main induce factor. During the initial excavation
stage, continuous rainfall causes the groundwater level to
rise to the lower part of the carbonaceous shale and remain
unchanged. Meanwhile, the modified excavated surface and
slope top were covered with mortar rubble and vegetation,
and no water flow was found in the gullies. These indicate
that the slope is unlikely to be damaged due to consolida-
tion or rainfall infiltration. Thus, it is highly likely that the
landslide is due to the water weakening effect, which means
that the strength of the sliding zone soil decreases and under-
goes creep deformation under 30-days immersion. To verify
this hypothesis, it is necessary to analyze the slope stability
under hydration.

Parameters and Numerical configuration

To analyze the stability of slopes under hydration, it is
imperative to study the influence of water on the mechani-
cal parameters of shale first. Previous studies have sug-
gested that prolonged immersion can result in erosion and
dissolution of the cement between shale particles, leading to
weakened cementation and decreased cohesive force of the
rock mass (Wong et al. 2016; Ewy 2014; Jiang et al. 2014).
Moreover, the hydration film on mineral surfaces becomes
thicker, which lubricates the contact surface between parti-
cles and reduces its internal friction angle (Leng et al. 2022;

Zhao et al. 2022a, b; Mao et al. 2010). Additionally, hydra-
tion can cause particle expansion and fall off, resulting in
crack expansion, pore increase, and a reduction in the elastic
modulus of shale (Bian et al. 2019; Li et al. 2020b; Chen
et al. 2019a, b). Therefore, this study will first determine
the shear strength and elastic modulus when overall land-
slide occurred. Namely, after 30 days of hydration, and then
restore the hydration process in the finite element simulation
by setting the parametric weakening function.

Inversion of shear strength parameters

Due to differences in mineral composition, weathering
degree, and structure, the shear strength parameters of
hydrated shale vary greatly. To eliminate this variability,
parameter inversion is conducted using Geo-studio software
based on the limit equilibrium method (Nguyen 1984; Ishii
et al. 2012; Shinoda et al. 2019). This involves continu-
ously reducing the cohesive force and internal friction angle
according to a certain proportion until the slope factor of
safety falls within the target.

Since landslide characteristics have already formed with-
out significant mass movement, it can be basically deter-
mined that the slope slightly breaks the limit equilibrium
state (FoS <1) and has not yet entered the stage of severe
sliding (Wang et al. 2017). Considering the result obtained
from two-dimensional analysis is conservative due to the
soil arching effect (Liu et al. 2021), the target safety factor
for parameter inversion is set to 1, and the inversion is con-
ducted on the sliding surfaces of K158 + 360, 430, and 500
sections after modified excavation. The excavated slope is
reinforced by 12 m full-length bonded anchor rods with a
design bond strength, the bearing and shear bearing capacity
of 360 kPa, 300 kN and 240 kN, respectively.

Referring to the experimental research (Yang et al. 2021;
Zhu et al. 2019a, b; Kang 2019; Wang 2015), the cohesion
and internal friction angle of carbonaceous shale below the
water level will be reduced in a ratio of 1:2. The saturation
parameters will be selected as the initial values, and the rest
rock and soil mass still used natural parameters. When one
of the three sections reaches the safety factor of 1 through
reverse calculation, the reduced shear strength parameters
are the hydrated parameters. It is worth noting that the shear
strength parameters obtained through parameter inversion
are not only used to calculate the safety factor but also con-
sidered as the actual material properties of the hydrated rock
and soil mass. Table 1 shows the physical and mechanical
parameters, with the parameters in parentheses representing
the saturation parameters obtained from geotechnical tests.

The inverted parameters are presented in Table 2. When
the cohesive force and internal friction angle of the weak-
ened carbonaceous shale are 15 kPa and 15°, the critical
factor of safety for the K158 + 360, 430 and 500 section are
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Table 1 Physical and

. Formation Elastic Poisson's ratio Weight Cohesive force Internal
mechamgal parameters of the modulus (kN/m?) C (kPa) friction angle
geomaterials (kPa) @)

Shaly 1.5%10° 0.31 21 29.4 19

sandstone

Carbonaceous shale 6.1x10° 0.27 22 (23.5) 37 (31 24 (23)
(5.7x10%)

Argillaceous limestone 8.3x10° 0.29 23.5(24) 80 (76) 31 (29)
(7.6x10%)

Table 2 Parameter inversion of water-weakened carbonaceous shale

Reductionratio  C @ Factorof  Factorof  Factor of
between C and ¢ (kPa) (°) safety of safety of safety of
K158+4360 K158+4430 K158+ 500
section section section
Initial parameters 31 23 1.331 1.265 1.283
2:1 27 21 1.22 1.113 1.167
23 19 1.113 1.054 1.094
19 17 1.058 1.025 1.05
15 15 1.007 0.998 1

1.007, 0.998 and 1, respectively, as shown in Fig. 4. There-
fore, this set of cohesion and internal friction angle values
are regarded as the water-weakened parameters of carbona-
ceous shale after 30 days of hydration.

Elastic modulus under hydration

Based on the mechanical tests of shale, the reduction rate
of peak strength and elastic modulus is relatively similar
within 30 days of immersion (Li et al. 2020a, b). The ratio
of strength and modulus of immersed to dried shale can be

100

(@)

Elevation (m)

used to indicate the water weakening effect on mechanical
parameters (Chen et al. 2013):

EW

E

c

GW
K=-—=
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where K is softening coefficient, o,, and E,, are the peak
strength and elastic modulus of water immersed shale,
respectively. o, and E, are the peak strength and elastic
modulus of dried shale, respectively. As the peak strength is
commonly utilized to represent the shear strength, the elastic
modulus of the immersed rock can be determined by mul-
tiplying the shear strength ratio of the immersed and dried
shales with the elastic modulus of the dried rock:
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w

where 7,, and the 7, is the shear strength of the immersed
and dried shale, respectively. The shear strength parameters
are based on the previous inversion results, ¢=15 kPa, ¢"
=15°. The geological prospecting data provides the elastic
modulus and shear strength parameters for the dried shale,
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Fig.4 Final sliding surfaces of parameter inversion: (a) K158 4360 section, (b) K158 4430 section, and (¢) K158 4500 section
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E,=6.1x10° kPa, c=37 kPa and ¢=24°. Based on the
Mohr—Coulomb strength theory, a soil element was consid-
ered in the hydrated carbonaceous shale as an object. It is
assumed that the maximum principal stress ¢, on the ele-
ment is vertical while the minimum principal stress o5 is
horizontal. As the argillaceous sandstone and carbonaceous
shale above the underground water level are dry, the pore
water can be disregarded under the weight of the thick over-
lying masses. When the unit shear failure occurs, the shear
strength, maximum, and minimum principal stress can be
expressed as follows:

O'l =Yz
03 = oytan*(45° — %) — 2ctan(45° — %) 3)
T = %(o-1 — 03)sin2a

where a is the included angle between the fracture sur-
face and the direction of the maximum principal stress,
a=45°+ %. The average thickness of the argillaceous
sandstone and carbonaceous shale above the water level
was initially estimated to calculate the maximum principal
stress (477.17 kPa), using formula (3). Then, the strength
parameters of the immersed and dried shale were introduced
separately into formula (3), and the shear strength 7,, and 7,
were calculated in combination with the maximum principal
stress. The shear strength 7,=106.02 kPa, 7,=147.98 kPa.
Finally, the shear strengths and the elastic modulus of dried
shale E_ were inserted into formula (2) to derive the elastic
modulus of the immersed shale E,, = 4.4 x 10° kPa. Com-
pared with the elastic modulus of dried carbonaceous shale,
the modulus of shale after 30 days of immersion decreased
by 28.4%, which is similar to the modulus loss rate of
25.05% and 31.5% measured respectively by uniaxial and
triaxial tests (Bian et al. 2019; Zhao et al. 2022a, b). Com-
pared to short-term saturated carbonaceous shale, its elastic
modulus decreases by 22.8%.

Numerical configuration

For the analysis of slope failure, this study utilized the
stress-seepage-slope construction stage group in the two-
dimensional finite element software Midas-GTX (MIDAS
Information Technology Co., Ltd.), and the factor of safety
was calculated using the strength reduction method. The

numerical model was configured according to the landslide's
main section (K158 +430). The left and right boundaries
were supported by vertical sliding bearings, while fixed bear-
ings were applied to the bottom boundary. The model adopts
quadrilateral elements with a total of 64,131 elements, the
initial excavation and modified excavation 4+ anchor rod
support were completed in one construction stage each, the
rainfall is simulated using a transient seepage module, and
the flow boundary (21.42 mm/day) obtained by dividing the
total rainfall by the duration is applied to the initial excava-
tion slope and road, the initial groundwater level is set at
argillaceous limestone.

The parameters of soil seepage characteristics include
the unsaturated permeability coefficient and the soil-water
characteristic curve (Fredlund 1998), the later was calcu-
lated using the Van Genuchten model (Parker et al. 1985)
and combined with the saturated permeability coefficient to
obtain the former. The V-G model parameters and saturated
permeability coefficients listed in Table 3 were determined
based on experimental studies of seepage in carbonaceous
shale, argillaceous sandstone (Tong 2018; Moazeni-Nog-
hondar et al. 2021), and argillaceous limestone (Xu et al.
2008; Wang 2012). As the rock masses below the initial
water level were saturated throughout, its permeability char-
acteristics were not considered. The governing equation for
the V-G water content function model is as follows:

0 =0 +ﬂ
w = Yr [1+(%)n]m (4)

where 6,, is the volumetric water content; @, is the residual
volumetric water content; 6, is the residual volumetric water
content; y is the negative pore water pressure; a, n, and m
are the curve fitting parameters.

The simulated conditions were set in the following
order: in-situ stress balance — initial excavation — rain-
fall - modified excavation and support — hydration. At
the end of the rainfall stage, the shear strength and elastic
modulus of carbonaceous shale below the simulated satu-
ration line (final groundwater level) were replaced with
saturation parameters, as the initial values for subsequent
hydration analysis. By subtracting the initial value from
the parameters after 30th day of hydration and dividing
by the duration, the daily decreases of cohesion, internal
friction Angle and elastic modulus during hydration were

Table 3 The VG model
parameters and saturated
permeability coefficients

Types of rock and soil layers

a

0, k

(kPa) (m/s)
Shaly sandstone 38.92 1.60 0.3742 0.054 0.275 7.16 x 107
Carbonaceous shale 24.88 1.50 0.3316 0.12 0.326 548 x 1077
Argillaceous limestone 12.82 3.39 0.7050 0.218 0.323 1.12x 1073
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0.53 kPa, 0.27° and 4,333 kPa, respectively. Based on the
above data, construct parameter weakening functions with
an independent variable of 30 days, integrate it into satu-
rated carbonaceous shale material, and activate it in the
final construction stage. Then, the stability of the slope
under hydration can be analyzed.

Result and Analyses

The following study employs numerical calculations to
analyze and discuss simulation results. Specifically, the
slope stability and deformation characteristics were pre-
sented and analyzed in the first and second chapter. The
third chapter focuses on analyzing the mechanical behav-
iors of carbonaceous shale under hydration, using curves
of plastic strain over time, maximum shear stress versus
displacement, maximum shear stress over time, and major
principal stress over time. In the fourth part, the failure
mechanism of slope and the existing supports are studied,
as well as the improved support scheme is proposed.

Slope deformation process and stability

Considering the large number of time steps involved in the
analysis of hydration, representative simulation results for
the 10th (initial), 20th (middle), and 30th days (late) are
displayed alongside the results of two excavation and rain-
fall conditions. Figure 5 presents the effective plastic strain

evolution. Over the course of construction, the scope of
slope failure shifted from shallow to deep, while the failure
type transitioned from local collapse to overall bedding slid-
ing. Following initial excavation, a plastic zone developed
along the excavated slope, with its maximum value located
at the slope toe. During the rainfall stage, the plastic strain
extended from the toe to the upper excavated slope, indicat-
ing a traction landslide pattern. Additionally, a new plastic
zone formed in the middle of the slope, extending towards
the slope top and originating from the saturated shale.

After modifying the excavation and implementing slope
support, the plastic strain at the middle and rear of the slope
disappeared, while a shallow plastic zone appeared from the
slope toe to the second-level slope. However, carbonaceous
shale hydration caused the slope to deform and slide once
again. By the 10th day of hydration, the shallow plastic zone
had transformed into a deep-seated sliding surface that cir-
cumvented the support structure and cut along the hydration
layer. Simultaneously, the plastic zone from the hydration
layer in the middle extended towards the slope top. On the
20th day of hydration, both the front and rear plastic zones
expanded; the front plastic strain increased significantly, and
the rear plastic zone began extending downward along the
weakened shale, with a tendency to connect to the front slid-
ing surface. By the 30th day of hydration, the front and rear
plastic zones had fully connected, forming a large landslide
mass that spanned the slope from top to toe.

Figure 6 displays the variation of the slope factor of
safety during each modeling stage. During the construction
stage, slope stability initially decreased rapidly, followed

Effective
Plastic strain

9e-2
8e-2
Te-2
6e-2
5e-2
= 4e-2
3e-2
2e-2
1e-2
9e-3
8e-3
Se-4
0

Fig.5 Evolution process of slope plastic strain under different analysis condition: (a) initial excavation (b) rainfall (¢) modified excavation and

support (d), (e) and (f) represent 10, 20 and 30 days of hydration
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by a brief increase and subsequent decrease. After 30 days
of hydration, the slope factor of safety reached 0.996, and
was close to the slope factor of safety 0.998 obtained from
parameter back analysis. This indicates good consistency
between numerical simulation and inversion. Accord-
ing to Wang et al. (2017), who summarized the relation-
ship between deformation and factors of safety, the cut-
ting slopes can be categorized into the creeping stage
(1.05 <FoS < 1.1), the extrusion stage (1.02 <FoS < 1.05),
the sliding stage (0.98 <FoS < 1.02), and the sudden slip
stage (0.95 <FoS <0.98), the following section presents an
analysis of the slope failure characteristics based on the four
stages.

Stable phase

=
2
@©
n - o . e - ¢ o S ¢ 0 - e - - - -
—
5 1.092 =
S ™ Creeping phase
L rer .
1.041 *
0 \\
0.996 =
0.95 I I I I I I I
jnitial yation ainfall por) | geation | qeation | yration
excd - dexéa"a“o“ \s\‘% Yaays hyzo-da‘ls h\]so " gays W
mod'\f\e

Construction stage

Fig.6 Factor of safety at each stage of the slope
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Slope failure characteristics

Figure 7 illustrates that the slope is stable at the initial stage,
with a factor of safety of 1.229. Following the initial excava-
tion, the factor of safety decreased to 1.085, indicating the
onset of the creeping stage. Deformation concentrated in the
surface from the middle first-level to the lower fourth-level
slope, as shown in Fig. 7(a). Additionally, a shallow slid-
ing surface occurred from the top of the excavated slope to
the slope toe, as depicted in Fig. 5(a). In the rainfall stage,
the slope skipped the extrusion stage and directly entered
the sliding stage, with the factor of safety reduced to 1.015.
Rainfall infiltrated along the excavated slope, creating a tran-
sient saturation zone in the front and raising the groundwater
level of the lower shale. Meanwhile, the rest remained unsat-
urated with suction pressure values increasing from bottom
to top, as demonstrated in Fig. 7(b). This resulted in the loss
of effective stress of the front soil mass and reduction of
shale shear strength parameters, leading to traction landslide
of the excavated slope and deformation of the middle and
rear soil mass, as depicted in Fig. 7(c).

Following the modified excavation and support, the slope
stability greatly improved, with the factor of safety rising to
1.092, approaching the stable stage. The plastic strain nepho-
gram showed the appearance of a shallow plastic zone from
the middle to the lower part of the excavated slope, located
within the anchoring range of the support structure, which
did not result in sliding failure.

In the hydration stage, slope stability exhibited an accel-
erated decreasing trend. By the 10th day of hydration,
cohesion, internal friction angle, and elastic modulus of
the hydration layer decreased to 82.9% (25.7 kPa),88.3%
(20.3°), and 92.4% (5.27 x 10° kPa) of initial values, respec-
tively. The slope remained in the creeping phase, with a

Pore water pressure (kN/m2)
I T  E— — T

Se+23e+21e+29e+17e+15e+13e+11e+1 -1 -2e+1-3e+2-5e+2 0

Saturation line

T I =1 I =—

de-13e-1 2e-1 1e-19e-2 7e-2 5e-2 3e-2 1e-2 9e-3 7e-3 9e-4 0

Fig.7 Deformation and seepage characteristics of slope in initial excavation and rainfall stage: (a) total displacement after initial excavation, (b)
pore water pressure at 93-day of the rainfall, and (c) total displacement after rainfall
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factor of safety of 1.072, only 1.9% lower than the previ-
ous. However, stress and deformation characteristics were
significantly changed. Positive effective stress concentrated
in the middle to rear of the hydration layer while surface
values oscillated from positive to negative, as depicted in
Fig. 8(b), indicating compression and tension occurring in
deep and shallow layers. The plastic zone of the excavated
slope shifted from shallow to deep, with the sliding surface
bypassing the anchor rod and cutting along the exposed posi-
tion of the lower shale, as shown in Fig. 5(d). This rendered
the support structure ineffective and caused deformation of
the first-level slope. Furthermore, due to weakened shale
parameters, the middle and rear soil mass exhibited displace-
ment exceeding 6 mm, as shown in Fig. 8(a).

On the 20th day of hydration, the factor of safety
decreased to 1.041, and the slope entered the extrusion
phase. Cohesion and internal friction angle reduced to
65.8% (20.4 kPa) and 76.5% (20.4°) of initial values, respec-
tively. Additionally, elastic modulus decreased to 84.7%
(4.83 x 10° kPa), significantly exacerbating progressive
sliding deformation. Stress concentration from the mid-
dle to rear of the hydration layer rapidly extended down-
wards, forming a compressive stress band as illustrated in
Fig. 8(d). Concurrently, tensile stress in the shallow layer of
the excavated slope slightly increased. The stress variation,
combined with expansion and increase of plastic strain in
the Fig. 5(e), indicating traction sliding deformation in the
excavated slope and the development of translational land-
slide along the hydration layer.

Total displacement (m)
—

T
7e-2 6e-2 5e-2 4e-2 3e-2 2e-2 1e-2 9e-3 8e-3 7e-36e-39e-4 0 =

Total displacement (m)
I I T
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Total displacement (m)
I T T
6e-1 5e-1 4e-1 3e-1 2e-1 1e-1 9e-2 8e-2 Te-2 6e-2 5e-2 9e-4 0

Compared to the 10th day of hydration, deformation
range of the excavation slope greatly extended from the first
level to the middle of the third level slope, with average
displacement increasing from 63.5 mm to 111.8 mm, an
increase of 76%. The deformation area of the middle and
rear weathered layer extended downward, and displacement
near the excavated slope gradually decreased, as depicted
in Fig. 8(c).

At the end of the hydration, the slope exhibited instabil-
ity. The factor of safety sharply dropped to 0.996, reach-
ing sliding failure stage. The cohesion and internal friction
angle reduced to the lowest, which were only 48.4% (15 kPa)
and 65.2% (15°) of initial values, disrupting torque balance
of weathered layer. Both compressive stress and plastic
strain zone connected to front excavated slope, as shown
in Figs.8(f) and 5(f). A large bedding landslide from slope
toe to top had completely formed. The first-to-second-level
slope displacement exceeded half a meter, consistent with
the 0.6 m stagger deformation observed in the second-level
platform.

By comparing the simulation results and investigation,
it can be seen that the simulated sliding range is basically
consistent with the sliding surface on the K158 +430 sec-
tion. The rear edges of the two are located 235 m and 239 m
behind the slope shoulder, respectively, and the simulated
deformation (50-80 mm) also matches the width of the ten-
sion crack (50-100 mm). In addition, the positions of the
shear outlets are also close, located at the slope toe and the
lower first level slope. Considering that both the simulated
and actual sliding zones are carbonaceous shale below the

Mean Effective
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Fig.8 Stress and deformation characteristics under hydration: (a), (c), (e) Total displacement on the 10th, 20th, and 30th day of hydration, (b),

(d), (f) Mean effective stress on the 10th, 20th, and 30th day of hydration
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water level, it can be confirmed that the overall sliding is
induced by hydration, demonstrating the simulation have
reproduced the failure process.

Mechanical behavior of shale under hydration

Based on the simulation results, as hydration time increases,
mechanical parameters of the lower shale linearly decrease,
while sliding deformation and the rate of decline in factor of
safety sharply increase. The relationship between mechanical
parameters of the hydration layer and slope stability appears
non-linear. To clarify the slope failure mechanism, it is nec-
essary to analyze mechanical behavior of shale. Therefore,
four measurement points every 50 m along the middle layer
of the weakened shale are selected, named as Front, Middle,
Middle rear, and Rear, to extract total displacement, mean
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effective stress, maximum shear stress, and shear strain.
Figure 9 illustrates the curves of plastic strain—time, mean
effective stress-time, maximum shear stress-displacement,
and maximum shear stress-shear strain.

Figure 9(a) and (b) illustrate the three-stage deformation
of hydrated shale. Unlike the instantaneous creep-creep
stability/attenuation-accelerated creep process observed in
shear tests and uniaxial compression tests (Fang et al. 2022b;
Cai et al. 2019; Zhu et al. 2019a, b), the strain—time curve
gradually increases. During the initial stage (1-10 days),
the deformation rate remains nearly constant at zero or a
low level, with no significant increase in plastic strain. In
the intermediate stage (10-20 days), the deformation rate
slowly increases. During the later stage (20-30 days), the
deformation rate increases sharply until slope failed. The
maximum shear stress exhibits a nonlinear relationship with
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Fig.9 Mechanical characteristics of shale under hydration. (a) Plastic strain vs. time (b) Maximum shear stress vs. displacement (¢) Maximum

shear stress-time (d) Mean effective stress vs. time
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total displacement; as shear stress increases, displacement
initially increases slowly, then accelerates before increasing
sharply. This characteristic resembles the variation pattern of
slope sliding failure and factor of safety at three time points
(10 days, 20 days, 30 days) under hydration, indicating that
water-weakening has a significant impact on slope stability.

When considering Fig. 9(c) and (d), it is evident that
during the initial stage, shale exhibits anelasticity where
the plastic strain lags behind the stress change. As a result
of shear strength reduction, the shear stress significantly
increased, with the average increment being 98 kPa at the
10th day of hydration across measuring points. Concur-
rently, effective stress changes at the front, rear, and middle-
rear measuring points, where the front recorded tensile stress
increasing from -12.5 kPa to -38.1 kPa, the data obtained
at the rear and middle rear indicated compressive stress,
with values increasing from 18.47 kPa and 24.69 kPa to
120.81 kPa and 228.97 kPa, respectively. However, the plas-
tic strain remained relatively constant. Despite slight shale
mechanical parameter reduction altering the slope stress
state, the residual shear strength enabled the hydrated layer
to remain stable, and the high elastic modulus restricted
deformation. During the intermediate stage, moderate
increases in plastic strain are observed. The growth rate of
shear stress at each measuring point slows down, and the
effective tensile/compressive stress exhibits an obviously
growth, suggesting the tensile shear and compressive shear
deformation are occurred at the front and middle to rear part,
respectively. In the later stage, the shear stress-time curve
remains almost constant, while the plastic strain continues
to increase. Figure 9(b) shows that when the maximum shear
stress exceeds 270 kPa, the displacement sharply rises, indi-
cating that the hydrated shale has reached its yield limit and
is rapidly damaged. The damaged soil masses at middle to
rear push forward, leading to increased compressive stress
and causing the front failure mode to transition from tensile
shear failure to compressive shear failure.

Failure mechanism and reinforcement

Based on the slope failure characteristics and mechanical
behavior of hydrated shale, it can be observed that the com-
bined excavation and rainfall led to the initial excavated
slope collapse. During the modified excavation stage, hydra-
tion accelerated the reduction of the factor of safety and
increased deformation, which caused the slope damage to
progress from partial to overall, eventually resulted in the
alteration of slope failure mode from excavated slope col-
lapse to deep-seated landslide and overall bedding landslide.
Due to the continuous reduction of mechanical parameters,

@ Springer

tensile and compressive shear failures first occurred in the
front and rear of the lower shale. The front failure developed
from front to rear, forming a deep sliding surface that caused
traction sliding deformation of the modified excavated slope.
The rear failure developed from the rear to the front, causing
the compressive stress zone and sliding surface to connect
with the front, resulting in a bedding landslide of the hydra-
tion layer. In the process of progressive failure, the sliding
surface extended from front to back before connecting from
back to front, thereby exhibiting a composite sliding failure
characterized by traction and push landslides.

In terms of treatment effect, modified excavation and full-
length bonded anchor rod support have improved the sta-
bility in the early stages of hydration. Additionally, mortar
rubble protection and intercepting and drainage ditches have
effectively blocked the infiltration of rainwater. However,
these measures are only used to prevent the excavated slope
collapse. For deep complex landslide disasters caused by
hydration, the anchor rod cannot cross the sliding surface to
produce an anchoring effect. Furthermore, slope protection
and drainage facilities can only prevent the rise of ground-
water levels and cannot curb the weakening of mechani-
cal parameters caused by hydration. The construction and
design units only treat the slope based on deformation and
failure characteristics that have occurred without analyzing
potential failure mechanisms comprehensively, including
stress, strain, and seepage characteristics. As a result, failure
of the support and protection structure is inevitable.

Given the gentle inclination and longitudinal length
(320 m) of the slope stratum, the thrust generated by the bed-
ding landslide is significant. To address this issue, the author
proposes adopting a scheme of prestressed anchor cable and
double row portal anti-slide pile to support the front exca-
vated slope. The pile is poured with C30 concrete, with a
length of 27 m and embedded in the bedrock of 11.6 m. The
cross-sectional size is 2 m X2 m, with a 6 m spacing and
a middle connecting beam width of 2 m. The prestressed
anchor cable is made of 7 steel strands with a diameter of
15.2 mm, with a single tensile strength of 1860 Mpa. The
prestressed force is 700 kN, and the spacing between the
anchor cables is 4 m x4 m. The anchoring section length is
10 m, mostly embedded in landslide bed.

By simulating the slope proposed support scheme under
hydration, the slope factor of safety after 30 days of hydra-
tion is 1.38, meeting China's Code for Design of Highway
Subgrades' requirements for a factor of safety greater than
1.25. The compressive stress band of the hydration layer
appears only at the rear, and the maximum deformation
observed is 0.27 mm, indicating the support structure effec-
tive control deformation, as shown in Fig. 10(a) and (b).
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Conclusions

(1) To analyze the impact of water weakening on slope sta-
bility, an engineering slope disturbed by excavation and rain-
fall was taken as an example. Through on-site investigation
and geological survey, it was evident that the hydration of
shale below the water level induced the overall slope insta-
bility. Based on the parameter inversion and formula calcu-
lations, the elastic modulus and shear strength parameters
of hydrated shale were determined and used to simulate the
gradual weakening process. The actual failure process of the
slope was numerically reproduced, and the resulting simula-
tion was compared against the on-site landslide characteris-
tics. The slope failure mechanism under hydration was sub-
sequently analyzed. The results indicates that the hydration
accelerates the reduction of the slope stability and increases
deformation, thereby causing traction and push type land-
slides along the front and rear of the hydrated shale layer.

(2) Unlike laboratory tests that yield instantaneous creep-
creep stability/attenuation-accelerated creep processes, the
plastic strain of the slope shale layer under hydration reveals
a three-stage process involving initial growth weakness,
medium-term accelerated growth, and late sharp increase
with time. Additionally, the maximum shear stress and total
displacement exhibit similar nonlinear relationships. Shale
exhibits anelasticity in the early stages of hydration, and its
plastic strain remains unchanged with the growth of shear
and effective stress. During the middle stage, as the plas-
tic strain gradually increases, tensile shear and compres-
sive shear deformation occur in the front and rear of shale,
respectively. In the later stage, the shale reaches its yield
limit of maximum shear stress (270 kPa) and ultimately fails.
Meanwhile, the damaged masses at the rear and middle com-
press the front, resulting in a transition of failure mode to
compressive shear failure.

(3) The failure reasons of the slope protection structure in
this case were analyzed. A prestressed anchor cable support
scheme for hydration was proposed, and its feasibility was
verified through numerical simulation. Results show that
when dealing with engineering slopes containing groundwa-
ter, the rise of groundwater level caused by excavation and

rainfall infiltration can cause the shift from local to overall
slope damage, while the sliding range converts from shal-
low to deep. Comprehensive measures such as excavation,
protection, surface waterproofing and drainage engineering
are difficult to effectively prevent and control deep landslides
caused by hydration. Additionally, the design idea that only
considers the displacement characteristics of the shallow
masses while ignoring deep stress, strain, and seepage char-
acteristics has significant shortcomings.
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