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Abstract A rainfall-induced landslide occurred in the north high-
wall of the Fushun west open pit at 5:00 (UTC+ 8) on July 26, 2016,
in China. The landslide was about 3.1 x 10° m3 and caused consider-
able destruction of houses, roads, and railways. Field investigations,
laboratory tests, and numerical analyses have been performed to
explore the failure characteristics and formation mechanism of the
landslide. The landslide was divided into three parts: the crack area,
the sliding body area, and the accumulation area. The X-ray diffrac-
tion and scanning electron microscope techniques were used to
reveal the mineral composition and microstructure of the landslide
material. Then, a conceptual model of the landslide mechanism was
constructed and the process of the landslide was divided into four
stages: unloading and cracking stage; sliding and partial locking
stage; shearing out and failure stage; and flowing and accumulating
stage. A combined seepage and stability analysis was performed to
explore the mechanism of the landslide by numerical simulation.
The relationship of volumetric water content and hydraulic conduc-
tivity to matric suction was established to describe the hydraulic
characteristics of the slope material under infiltration. The results
show that the maximum matric suction in the slope decreases con-
tinually with the increase of rainfall intensity and duration, and
the north highwall will not be stable after 7.2 h for 16 mm/h of
rainfall. The original slope was stable and heavy rainfall triggered
the landslide, and the obtained critical failure surface matched the
field survey closely. The findings improved understanding of the
failure mechanism and process of rainfall-induced landslides may
be used for evaluating the stability of slopes and early identification
for both active and inactive open-pit mines.

Keywords Rainfall-induced landslides - Open-pit slope - Fushun
west opencast - Failure mechanism - Transient seepage analysis -
Slope stability analysis

Introduction

Rainfall-induced landslides are common geological hazards that
cause a large number of casualties and heavy economic losses
around the world. For instance, in 2013, the heavy rainfall triggered
708 loess landslides in Tianshui City, which killed 24 people and
caused the collapse of 2386 houses (Zhang et al. 2016). In 2016, a
rock avalanche triggered by intense and continuous rainfall sud-
denly collapsed and rushed down towards the houses in Su village,
which buried more than 20 houses and caused 27 deaths (Ouyang
etal.2018). On June 24,2017, a catastrophic rock avalanche destroyed
the whole village in Xinmo and led to about 10 deaths, which was
induced by long-term and high-intensity rainfall (Fan et al. 2017).
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Such landslides draw much attention not only because damage such
as large-scale collapse can cause severe loss of life and property,
but also because of difficulties in understanding the mechanism of
instability evolution under rainfall infiltration (Nguyen et al. 2020).
Therefore, it is important to deeply investigate the failure character-
istics and mechanism of slopes under rainfall conditions.

In recent decades, the influence of rainwater on the behavior of
slopes has been widely studied based on field investigations, labora-
tory tests, numerical analyses, and model tests (Rahardjo et al. 1995;
Zhang et al. 2011; Sun et al. 2021). Numerous studies have demon-
strated that the infiltration of rainwater significantly decreased the
stability level of slopes because rainwater not only increases the
unit weight and water content of slopes, but also changes the pore-
water pressure and reduces the shear strength (Chen et al. 2020).
Besides, an increase in water content of discontinuities causes a
significant decrease in rock mass stiffness, and the water-induced
weakening effect may have a more significant influence on rock
mass slope stability (Ren et al. 2020). A series of parametric stud-
ies have been performed to investigate the effect of various factors
affecting rainfall-induced landslides, such as rainfall intensity, rain-
fall duration, and antecedent rainfall (Cai and Ugai 2004; Raj and
Sengupta 2014). However, studies on specific failure mechanisms
of infiltrated slopes are still limited since the rainwater infiltration
and landslide initiation are a complex process.

Different methods have been used to reconstruct and analyze
the slope seepage and stability under rainfall infiltration, which
contributes to a better understanding of driving mechanism
and failure process of landslides (Lu et al. 2013; Zhan et al. 2019).
Leshchinsky et al. (2015) applied transient unsaturated seepage-
stress finite element analysis to investigate the complex behav-
iors of a progressive slope failure in Yumokjeong, Korea. Wu et al.
(2016) developed an analytical approach for rainfall infiltration in
an unsaturated porous medium, including an analytical solution
for the factor of safety of an infinite partially saturated slope. Yang
et al. (2017) coupled finite element analysis and unsaturated seep-
age concept to investigate the failure and deformation mechanism
of slopes in Taipei City, Taiwan Province. These studies have dem-
onstrated that the variation of the seepage field in a slope is sig-
nificantly affected by rainfall patterns, hydraulic conductivity, and
groundwater conditions, which control the flux condition and affect
the fluid flow, thereby changing the stable state of the slope. Cou-
pling rainfall seepage with slope stability analysis is advantageous
for understanding the mechanism of rainfall-triggered landslides
(Chung et al. 2017; Chen et al. 2021). Hence, it is essential to carry
out coupled seepage and stability analysis of the slope under vari-
ous rainfall conditions to provide an insight into the mechanism
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of rainfall-induced landslides and the controlling factors of slope
instability.

This study explores the failure characteristics and formation
mechanism of a rainfall-induced landslide at the Fushun west open
pit. Field investigations, laboratory tests, and numerical analyses
are carried out in detail. A simplified coupled seepage and stability
analysis where the pore-water pressures obtained from the tran-
sient seepage analysis are included in the limit equilibrium analysis
is performed to explore the mechanism of the landslide by numeri-
cal simulation. The pore-water pressure and stability of the slope
under different rainfall intensities and duration are examined dur-
ing the analysis. The findings from this study may improve under-
standing of the failure mechanism and process of rainfall-induced
landslides, and can also be used to evaluate slope stability and early
identification for both active and inactive open-pit mines.

Condition of the landslide
Study area

The Fushun west opencast mine is a large open-pit coal mine in
western Fushun, 6o km to Shenyang (Fig. 1a). The site has a long
mining history of more than 100 years and is the largest open pit
in Asia (Nie et al. 2015). Its length from east to west is 6.6 km, and it
has a width of 2.2 km from north to south with a maximum depth
of approximately 420 m (Fig. 1b). The main products are residual
coal and oil shale. By the end of 2019, more than 280 Mt of coal and
530 Mt of oil shale had been produced. In the meantime, landslide
hazards caused by more than 100 years of opencast mining have
brought the city increasingly severe environmental and geological
problems.

Landslide events

The landslide in Fushun west open pit is characterized by wide dis-
tribution, long duration, and high-intensity damage. Based on his-
torical landslide data (Fig. 2), over 100 landslide events occurred in
the open pit, with 29 recorded on the north highwall. For example,
in April 1979, a green mudstone landslide occurred due to the long-
term erosion of rainwater, which was the first landslide on the north
highwall of the pit, with a total volume of about 5.0 x 10* m* (Gao
2017). In August 1993, the Fushun area experienced a rainstorm
with accumulated daily rainfall exceeding 200 mm, which caused a
large-scale deformation and a landslide in the north highwall, and
the volume of the sliding body exceeded 4.5 x 10 m? (Cui 2018). In
July 2015, under the combined action of mining activity and rainfall
infiltration, a green mudstone landslide occurred in the lower part
of the north highwall, and the volume of sliding mass was estimated
to be 6.9 X 10° m? (Li et al. 2015). These landslides were mainly trig-
gered by seasonal rainfall, occurred within a short period of time,
and caused severe damage to buildings, underground pipelines,
roads, and railways. Characterizing the failure mechanism and pro-
cess of this type of landslide may help evaluate the stability of open
pit slopes in both active and inactive mines, thus providing warning
signs to aid the early identification of landslides.

At5:00 (UTC+8) on July 26,2016, a large landslide (N 41°51'3.39",
E 123°52'58.31") occurred in the north highwall of the Fushun west
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open pit owing to the heavy rainfall, and its location is in the middle
of the highwall (Fig. 2). The main sliding direction of the landslide
is approximately SE 6° inside the open pit. The length of the slide in
the sliding direction is about 350 m, and the maximum width from
east to west is about 500 m. The landslide destroyed 40 houses of
25 families and damaged 20 houses, which caused the evacuation
of 1026 people. The volume of the landslide body is estimated to
be 3.1x10° m? based on the difference between the pre- and post-
sliding digital elevation models (DEMs) of the landslide area. The
direct economic loss is approximately RMB 17.82 million due to the
combined damage to roads, railroads, equipment, and buildings.

Characteristics of the landslide

To obtain the failure characteristics of the landslide, field investiga-
tion and DEM data were analyzed. Figure 3 shows the elevation var-
iations of the slope profile a-a’ before and after the landslide (sec-
tion location shown in Fig. 2), and it can be seen that the landslide
area is located on the upper part of the slope and the rear of the
landslide is close to downtown Fushun. The sliding surface marked
by a red dash line presents a near arc shape, and it is noted that the
sliding surface is partly exposed to saturated conditions (below the
water table). There are several roads and railways that run through
the landslide area, among which Yongshou and Xingping are urban
roads located at the crest of the slope, and R#2, R#4, R#9, R#12, R#14,
and R#17 are the railways for the transportation of oil shale and
waste materials located at the bench of the slope (Fig. 4a). After
the event, the landslide area presents a tongue-shaped topography
in plain view (Fig. 4b). The body slid down the slope, and buried
and damaged the transport railways and urban roads, which seri-
ously affected the normal operation of the mine and the safety of
residents. According to the failure characteristics of the landslide,
the landslide area is divided into three parts: the crack area (I), the
sliding body area (II), and the accumulation area (III).

The crack area (1)

The crack area (I) is located at the top of the slope at an elevation
of 75 m a.s.l. (Fig. 3). The area is about 500-m long from east to west
and distributed with many arc opening cracks. The main scarp of
the landslide is located at the slope crest (Fig. 5a), which presents a
near-vertical and conspicuous recliner-like shape with an elevation
of 50-75 m a.s.l. and up to 25 m high. The main compositions of
the exposed scarp include loose surface clay and gravel. The crack
area was mainly formed by traction unloading of the landslide,
and its failure was characterized by the development of numer-
ous transverse tensile cracks and significant downbhill displace-
ment. The expanded cracks severely damaged the constructions
and roads, and many unstable blocks remain perched on the crack
area (Fig. 5b).

The sliding body area (ll)

The part is the main sliding area about 350 m in length and
500 m in width, consisting mainly of weathered mudstone and
few surface clays. The trailing and leading edges of the sliding
body are at 75 m and —18 m a.s.l,, respectively. It can be seen
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Fig. 1 Study area location. a Location of the open pit in Fushun City, China, b photo of the Fushun west open pit
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Fig.2 Engineering geological map of study area and location of the landslide

from Fig. 6a that the sliding body slid down the main scarp,
which caused severe damage to the railway R #2 and construc-
tions at the trailing edge of the landslide. In addition, after the
slide, a platform was formed by relative shear deformation. The
typical feature of this platform is basically intact vegetation,
indicating that the sliding mass kept relatively good integrity.
Figure 6b shows the shear outlet of the landslide at the front
part of the sliding body. Under the pushing action of the sliding
mass, the railway R #12 was destroyed, while the trees, houses,
and wire poles were tilted backward. These features reflect the
rotational failure mode occurring at the landslide toe. This
typical sliding is characterized by a prominent main scarp, arc-
shaped sliding surface, slow or moderate velocities, and limited
internal deformation. Examples of this failure type include the
Montepiano landslide (Hungr et al. 2014), the Stogovce landslide
(Jemec Aufli€ et al. 2017), and the Thong Nhat landslide (Nguyen
et al. 2020).
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The accumulation area (lll)

The landslide debris moved downstream and formed an accumula-
tion area along the slope. Controlled by the shape of the slope, sev-
eral parts of the accumulation mass were situated on the benches,
while others were deposited at the pit bottom. The accumulation
mass on the benches was formed by the collapse of the leading
edge of the sliding body, which blocked the mining transport roads
and railways (Fig. 6c). The landslide debris consists mainly of bro-
ken green mudstone with unclear edges and corners. Combined
with the geological characteristics of the area before the sliding,
the bottom accumulation originated from the disintegration and
fragmentation of the upper rock mass with a maximum movement
distance of 600 m. Besides, we found that the accumulation mass
showed evidence of a previous landslide, as rock mass disintegrates
and tension cracks could be observed on the slope surface.
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Geological characteristics of the landslide area

The lithology of the landslide area was studied by means of drilling
and field surveys. Borehole investigations revealed that the strata
mainly consist of the Xilutian Group (E,x), Jijuntun Group (E,j),
Guchengzi Group (E,g), Dayu Group (K,d), and Archean (Ar,)
(Fig. 3). The uppermost layer is the loose surface clay and gravels
originating from the in-place weathered bedrock with a thickness
of 5 to 24.3 m, and some of them had been removed during mining
activity. The main exposed layers are green mudstone of Xilutian
Group (E,x), oil shale of Jijuntun Group (E,j), and coal of Guchengzi
Group (E,g). Moreover, the green mudstone (E,x) is interbedded
with multiple thin layers of brown shale and light green marl, and
is characterized by layer structure and fracture development. The
green mudstone is widely exposed on the slope, accounting for 88%
of the total slope surface with a thickness of 102 to 600 m and an
average thickness of 421 m. The oil shale (E,j) and coal (E,g) are
the main mining layers of the Fushun west opencast mine and are
mainly distributed in the deep part of the north highwall. The oil
shale (E,j) is in conformity contact with the overlying green mud-
stone (E,x) with an average thickness of 194 m. The thickness of
the coal layer (E,g) varies considerably between 30 and 120 m and
is in conformity contact with the overlying oil shale (E,j). The con-
tact relationship between the formations of sand shale (K,d) and
granitic gneiss (Ar,) is unconformity, and the sand shale (K,d) is
in fault contact with green mudstone (E,x).

The orientation of the green mudstone is expressed as an aver-
age dip direction of 350° and a dip angle of 25°-55°. The orientations
of oil shale (E,j) and coal (E,g) are consistent with the occurrence
of the green mudstone (E,x), and continue to be stable along the
direction and tendency. The sand shale (K,d) and granitic gneiss
(Ar,) have an average dip direction of 345-350° and a dip angle of
25°-55°. It is noted that the green mudstone (E,x) in the landslide
area is characterized by anti-dipped structure, which generally
provides favorable conditions for slope stability. However, the rock
mass in the landslide area is weathered by physical, chemical, and
biological processes acting hundreds of years (weathering grades
IV-VI according to the International Society of Rock Mechanics
classification system (ISRM 1981)), and the structural geology of
the rock mass has a little contribution to the slope stability. Besides,
the weathered green mudstone is vulnerable to strength reduction
when it encounters rainwater, but to make matters worse, no drain-
age measures such as drains and ditches were built behind the crest
or on benches to intercept the water. These factors could provide
favorable conditions for the formation of the landslide.

The landslide area is also characterized by a synclinal fold in the
N75°E direction and two reverse faults (F, and F,,) in the N70°-80E
direction (Fig. 3). The F, fault is exposed at the crest of the north high-
wall with a dip direction of 330° to 350° and a dip angle of 47° to 52°,and
the width of the fault fracture zone is about 10 m. The F,, fault is about
200 m away from the landslide scarp, whose dip direction ranges from
330° to 350° and dip angle ranges from 78° to 80° with a fault fracture
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Fig.5 The crack area (l) at
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Hydrogeological conditions of the landslide area

In the landslide area, the groundwater is mainly bedrock fissure
water, and the aquifer is mainly the weathered green mudstone. The
aquifer is mostly recharged by Hun river and rainfall. The Hun river
is located in the north of the open pit, at a distance of 1.5 km from
the landslide area (Fig. 2). The average water level of the Hun river
is 70 m a.s.l,, and the continuous infiltration of river water forms
groundwater seepage in the bedrock fissures of the study area. The
groundwater level (GWL) of a typical wet season is shown as a
dashed blue line in Fig. 3, which ranges from 5 to 20 m below the
ground surface and fluctuates in different seasons. Herein, GWL
data are obtained in July 2015 from the four hydrological observa-
tion boreholes (Bo1, Bo2, Bo3, and Bo4) instrumented by piezom-
eters, which are maintained by the Fushun Mining Group Co., Ltd.

(FMGL); these piezometers record groundwater pressure every 2 h,
which is then converted into groundwater levels. Following Li and
Wang’s (2015) report, FMGL installed the four piezometers; three
of them had distorted data due to aging and disrepair in 2015 and
therefore unable to record further groundwater pressure. The mon-
itoring data from 2010 to 2015 demonstrated that the annual fluc-
tuation of the GWL during the same dry and wet seasons was less
than a few feet or a meter. The effect of such change has a minimum
effect on the GWL variation within the slope, as indicated in the
recorded data from January 2014 to December 2016 of borehole Bo4,
which is still in use, shown in Fig. 7a. Besides, in the field survey, we
found that groundwater outcropping points were widely distributed
on the slope surface with elevations below — 32.5 m, which approxi-
mately confirms elevation of the outlet location of the GWL. Under
the influence of long-term erosion by groundwater, the strength of
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Fig. 7 Measured rainfall data and groundwater level of borehole (B04)

2446 \ Landslides 19 - (2022)



green mudstone below the GWL decreased continuously. This effect
has a significant impact on the stability of the slope.

The rainfall is characterized by high intensity and concen-
tration in Fushun region, and the historical (between 2010 and
2015) maximum intensity of rainfall of 77.2 mm/h was recorded
on August 16, 2013 (He and Chen 2016). According to the rainfall
data recorded by the station (no. 54351) within 1.5-km radius
from the landslide site, the rainfall was relatively frequent and
high intensity in July 2016 (Fig. 7a). Rainfall occurred on 13 of
the 31 days of the month, with a total rainfall of 350 mm, which
was notably higher than that during the same period in previous
years. It is noted that the landslide area experienced heavy rain-
fall before the event, and daily rainfall on July 26 was 113.3 mm
(Fig. 7b). Many researchers (e.g., Corominas 2001; Chowdhury
et al. 2010) have demonstrated that shallow debris flows are
often triggered by intense rainstorms of short duration, whereas
deep-seated landslides are triggered by antecedent rainfall (high
cumulative rainfall) over days or weeks often combined with
intense rainfall over a much shorter period (an exceptional rain-
fall event). Based on the rainfall patterns before the occurrence
of the landslide event, we concluded that the antecedent long-
term rainfall decreased the stability of the slope, and the high-
intensity rainfall on July 26, 2016, triggered the landslide event.

Mineral composition and microstructure of the green mudstone

Since the landslide mainly occurred on the upper green mud-
stone, the characteristics of the green mudstone have a great
influence on the occurrence of the landslide. We conducted
X-ray diffraction (XRD) and scanning electron microscope
(SEM) observations on the green mudstone so that we could
obtain some findings of the mineral composition and micro-
structure of the green mudstone. XRD analysis revealed that
the green mudstone is composed mainly of muscovite, feldspar,
and analcime, with some minor partings of montmorillonite and
quartz. The content of muscovite and feldspar is high, which is
44% and 22%, respectively. It is also noted that the content of
montmorillonite in the sample is 12% of the entire mineral com-
position, which is a hydrophilic expansive mineral contributing
to the expansive behavior of the green mudstone. According to
China Standard for Identification and Description of Rock and
Rock mass (China Association for Engineering Construction
Standardization 2008) and the American Standard Test Method
for Expansion Index of Soils (American Society for Testing
and Materials 2011), the green mudstone belongs to the micro-
expansive rock. From the SEM images (Fig. 8), we can see that
relatively large pores and fractures are common features in the
green mudstone. Since the expansive rock is called shrink-swell
rock (Miao et al. 2002; Stoltz et al. 2012), the fractures may result
from this behavior.

Formation mechanism of the landslide

Based on field investigation and comprehensive analysis above,
a conceptual model of the landslide mechanism was constructed
as shown in Fig. 9. The formation process of the landslide can be
divided into four stages:

1. Unloading and cracking stage (Fig. 9a), which is the first stage
of the landslide: In this stage, the free face formed by the exca-
vation was in an unloading state, and the elastic strain energy
had been accumulated in the slope. Under the action of gravity,
the geotechnical material gradually yielded and deformed, and
a series of tension cracks gradually formed on the crest of the
slope.

2. Sliding and partial locking stage (Fig. 9b), which is the second
stage of the landslide: In this stage, due to the action of rain-
water, a potential sliding surface was gradually formed by the
relative shear deformation of the weakened rock mass. Because
there was a significant resisting effect in the front rock mass
due to its higher strength, the whole landslide mass failed to
cut through the face, thus caused the partial locking at the toe
of the landslide (Sun et al. 2021).

3. Shearing out and failure stage (Fig. 9c), which is the third stage
of the landslide: In this stage, the significant shear deformation
occurred in the sliding zone, while the sliding body kept rela-
tively good integrity and showed rotational sliding. With the
high-intensity rainfall triggering the failure, the elastic strain
energy accumulated in the slope was released rapidly, which
caused the shearing out of the leading edge of the slide. Mean-
while, the main scarp on the top of the slope was developed and
dragged the rear body, and a platform was formed at the rear
of the slide.

4. Flowing and accumulating stage (Fig. 9d), which is the last
stage of the landslide: In this stage, due to the pushing action
of the sliding body, some rock debris collapsed and accumu-
lated on the slope benches, while others were continued to fall
down and deposited at the bottom of the pit thus formed areas
of accumulation. The entire landslide process was completed.

Based on field observations and the analysis of landslide defor-
mation and failure, the factors that caused the landslide are out-
lined below:

(a) Mining activities: The main engineering activity in this area
was open mining, which resulted in an open pit with a depth
of about 400 m. We found that the north highwall was dis-
turbed by long-term excavation, unloading, and blasting
vibration. Therefore, the landslide was closely linked with
mining activities.

(b) The weak rock mass: The green mudstone contained minerals
of muscovite, feldspar, analcime, montmorillonite, and quartz,
which is a typical weak rock. Furthermore, many relatively
large pores and fractures developed in the green mudstone,
which may play an important role in rainfall water entering
into the slope. This effect has a significant impact on the sta-
bility of slopes.

(c) Unfavorable geological structure: The F1 fault and its associ-
ated faults pass through the rear edge of the landslide area,
which provided a separation face for the rear edge of the land-
slide. These faults destroyed the integrity of the slope and
formed a favorable condition for cracks. The well-developed
cracks provided an effective infiltration channel for rainwater
and the appropriate geological promise for the occurrence of
the landslide.
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Fig.8 Microstructure characteristics of intact green mudstone: ax 2000 times, bx5000 times, ¢x 10,000 times, dx 20,000 times, ex 10,000

times, fx 20,000 times

(d) Heavyrainfall: The large amounts of accumulated rainfall combined
with high rainfall intensity were the most important factor causing
the landslide. According to the local rainfall data in July 2016, rain-
fall reached 350 mm in the landslide area, which was significantly
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higher than the same period in the previous years. The heavy rainfall
infiltration increased the saturation of the rock mass and caused an
increase in pore pressure in the slope. Furthermore, the rock-water
interaction deteriorated the shear strength of the rock mass.



Fig.9 Conceptual model of a
the formation mechanism

of the landslide: a unloading
and cracking stage, b sliding
and partial locking stage, c
shearing out and failure stage,
d flowing and accumulating
stage

Slope benches

Tension cracks

b Shearing and dislocation

Slope benches

Numerical simulation of the landslide

Considering the fully coupled hydromechanical analysis is
complex and time-consuming, a simplified coupled seepage
and stability analysis was performed to explore the landslide
mechanism. In this analysis, the pore-water pressures obtained
from the transient seepage analysis developed in the context
of unsaturated soil mechanics were included in the limit equi-
librium analysis to assess the effect of rainfall infiltration on
slope stability. The computational work presented here was car-
ried out using the Geostudio 2018 developed by GEO-SLOPE
International Limited (2018a). GeoStudio is a two-dimensional
commercial code for geotechnical analysis that has the ability
to simulate the pore-water pressure distributions in a slope sub-
jected to rainfall, and the obtained results can subsequently be
coupled with stability analysis to determine how the transient
rainfall infiltration affects a slope over time (Raj and Sengupta
2014; Peranic et al. 2021).

Material properties

The properties needed for the analysis are categorized into three
groups, physical, strength, and hydromechanical, as shown in Table 1.
The laboratory test indicated that the highly weathered green mud-
stone has a specific gravity of 2.7, a porosity of 0.3, a natural volu-
metric water content of 0.11, and a unit weight of 19.58 kN/m?>. The
plastic limit and liquid limit of mudstone samples were 9.6% and
42.3% by plasticity and cone penetrometer tests, respectively. The

Table 1 Hydromechanical
properties of site material

Highly weathered green mudstone

shear strength of the green mudstone was obtained from conven-
tional drained direct shear tests following the China Standard for
Test Methods of Engineering Rock Mass (National standard of the
People’s Republic of China 2013) and the American Society for Testing
and Materials (American Society for Testing and Materials 2006). The
tests show that the green mudstone has a cohesion (¢’) of 52 kPa and
an effective internal angle of friction (¢’) of 14.5°.

The relationship between water content and matric suction rep-
resented by the soil-water characteristic curve (SWCC) and the rela-
tionship between hydraulic conductivity and matric suction repre-
sented by the hydraulic conduction curve (HCC) are two important
characteristic functions in the analysis of unsaturated slope infiltra-
tion (Fredlund and Rahardjo 1993). Many previous researchers have
focused on water retention behavior under low matric suction with
remolded samples due to the difficulty of on-site sampling. In this
study, the undisturbed samples were collected according to the fol-
lowing steps: (i) remove 60-cm-thick topsoil on the surface of the
landslide; (ii) place down the 61.8-mm diameter and 20-mm-high
ring-knife with a thin layer of Vaseline coated on the inner wall on
the exposed layer; (iii) press the ring-knife down vertically and cut
down the surrounding part by a knife; and (iv) cut the remnants
along the outer side of the ring-knife to smooth the upper and lower
parts with a steel wire saw. The axis-translation technique was used
to obtain the SWCC data. The instrument used for measuring the
SWCC is the 1ID-SDSWCC pressure plate instrument with 15 bar high
air-entry ceramic disc produced by Geo-experts, UK. The prepared
green mudstone sample was saturated initially and then placed on
the ceramic plate in the pressure chamber with no vertical load, and

v (kN/m®) (kPa) ¢’(°) k (m/s) 6, O, a

19.58 52 145 3.47e-6 o0.07 0.3 25e-3 2.8
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the air pressure was applied step by step to 1 MPa. The weight, diam-
eter, and height of the sample were measured when the drainage and
deformation reach equilibrium at each suction level. The changes in
plate cell weight were used together with the final dry weight of the
sample to back-calculate the water content of the sample that existed
at each of the various applied pressures. In this manner, the volumet-
ric water content versus matric suction relationship was developed as
shown in Fig. 10a. The SWCC data obtained from the pressure plate
tests were fitted to the Van Genuchten volumetric water content func-
tion Eq. (1) using the RETC code (Van Genuchten et al. 1991) as shown
in Fig. 10a. The three main features that characterize the SWCC are
the air-entry value, the slope of the function, and the residual water
content. The air-entry value of the weathered green mudstone is about
105 kPa reflecting how much suction can be applied to the pore-water
before the largest pores or voids start to drain. The residual water
content represents the volumetric water content of a soil where a
further increase in negative pore-water pressure does not produce
significant changes in water content. Since the residual conditions
were not achieved for the range of pressure considered, a value of 0.07
was specified as the residual water content based on the fitting curve
in Fig. 10a and our understanding of field conditions. The saturated
hydraulic conductivity was determined to be 3.47e-6 m/s following
the Li and Wang’s (2015) report using falling head permeability tests.
Then, the hydraulic conduction curve (HCC) was estimated from
the SWCC using the Van Genuchten hydraulic conductivity function
Eq. (2) to improve the stability of numerical solutions (Vogel et al.
2001). The resulting curve is shown in Fig. 10b. The Van Genuchten
model is considered to provide a better match to experimental data
and its parameters have been accumulated for many types of geoma-
terials (Leong and Rahardjo 1997).
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where O, is the volumetric water content; (1, —u,,) is the matric
suction; 6, and 6, are the volumetric water contents at the residual
and saturated states, respectively; a and n are curve fitting param-
eters as listed in Table 1, m =1-1/n; k,, is the hydraulic conductivity
at matric suction; and k; is the saturated hydraulic conductivity.

k,=k

W s

(2)

Method of analysis

The slope was simplified as a plane problem to be modeled based
on the geological section from Fig. 3. It is noted that the green
mudstone (E,x) in the upper part of the slope at which the land-
slide occurred is highly weathered, whereas the lower green mud-
stone (E,x) and oil shale (E,j) are moderately weathered or slightly
weathered. For simplicity, the upper green mudstone was singled
out for the model. Besides, the sand-shale layer (E,d) was assumed
to be the same as that of the upper green mudstone (E,x). This
choice was made due to the lack of testing data and likely has little
influence on results given the fact that the failure is mainly within
the green mudstone (E,x). In this manner, we simplified the model
as a single media between elevations —100 m and + 75 m a.s.1. The
model consisted of 500 m in length (x-direction) and 175 m in
depth (z-direction) and was divided by 7705 elements and 7888
nodes (Fig. 11).

The coupled analysis in this study consists of two main parts:
seepage analysis and slope stability analysis. In the seepage analy-
sis, because there was no field measurement of pore pressure or
water content, we applied a steady-state analysis to obtain the ini-
tial condition for the transient seepage analysis according to the
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Fig. 10 Hydraulic properties of the green mudstone: a volumetric water content curve, b hydraulic conductivity curve
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Fig. 11 Numerical model of
the north highwall
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GWL in Fig. 3. The right boundary condition was specified as a
total head equal to the elevation of the groundwater table of 55 m
(Fig. 11), which is often referred to as the far field boundary (GEO-
SLOPE International Limited 2018a). Specifying a constant total
head as a far field boundary condition implies that sufficient water
is somehow going to come to that location so that the head remains
a constant. Physically, this is acceptable as there is the Hun River
up against the far field end of the problem, as shown in Fig. 2,and
the river remains at a constant level depending on the season. For
the slope surface with elevations below — 32.5 m (Fig. 11), the water
table is at the ground surface; that is, the water pressure is zero at
the slope surface and the total head is the elevation of the ground
surface; therefore, a constant pressure boundary condition with
zero pressure head was specified. Besides, the left boundary condi-
tion was specified as a total head equal to — 45 m with an under-
drain condition, and the bottom was fixed zero flux. Then, tran-
sient seepage simulation was conducted to obtain the pore-water
pressure distributions within the slope for given rainfall intensity
and duration. Here, boundary conditions for the sides and bot-
tom of the domain remain identical to the ones in the steady-state
analysis, whereas the top boundary is set to possible seepage with
a specified flux. Since little record on rainfall at the landslide area
in terms of intensity and duration of the rainfall is available, noth-
ing could be determined with confidence how much rainfall trig-
gered the landslide. In order to investigate the rainfall thresholds
for the landslide, we divided the amount of rainfall in an event
by the total duration of the rainfall to narrow the window for the
plausible infiltration rate and applied it at the slope boundary as
a surface flux (Fig. 11). In this study, the rainfall intensities 4, 8,16,
24, and 32 mm/h were considered, and the results were recorded at
2.4 h interval for 1 day. Both the steady-state and transient seepage
analyses assume that the pore-air pressure equals the atmospheric
pressure; thus, the change in volumetric water content depends
only on the change in pore-water pressure.

The seepage analyses were performed using the SEEP/W mod-
ule (GEO-SLOPE International Limited 2018a). The change in
pore-water pressure during infiltration was analyzed. The equa-
tion governing the transient flow of water through unsaturated
slopes is given as:

0 (, 0H\ 0 (, oH o0H _ 99,
a(kx§>+@<ky§>+Q_mwpwg§_W (3)

Distance (m)

where the k, is the hydraulic conductivity in x-direction; k, is the
hydraulic conductivity in y-direction; H is the hydraulic head; Q
is the applied boundary flux; m,, is the water storage modulus
obtained by differentiating the SWCC; and p,, is the water density.
The equation shows that the variation of water stored within the
slope depends on the fluxes entering and leaving the elemental vol-
ume. More fundamentally, it illustrates that the sum of the rates of
change of flows in the x and y directions plus the external applied
flux is equal to the rate of change of the volumetric water content
with respect to time.

The stability of the slope was analyzed by considering the pore-
water pressure from the above seepage analysis using the SLOPE/W
module (GEO-SLOPE International Limited 2018b). The SLOPE/W
program considers unsaturated shear strength conditions when the
matric suction exists or the pore-water pressure is negative. The
shear strength of the soil is determined using Eq. (4). The equation
can describe and predict the nonlinear relationship between mat-
ric suction and shear strength of the soil, which provides a better
representation of unsaturated geomaterial behavior and is widely
used to analyze the slope stability under rainfall conditions (Cai
and Ugai 2004; Oh and Lu 2015; Peranic et al. 2021).

t=c+ (Gn - ua) tan @’ + (ua - uw) [(Z‘":gr) tan (p’] (4)

s

where t is the shear strength and (o,-u,) is the net normal stress
on the failure plane.

The factor of safety (FS) is defined as the ratio of the shear
resistance and the mobilized shear stress along the entire length
of the slip surface as:

pX

FS= 5~ 5)

mi

where t; and t,; are the shear strength and the mobilized shear
stress of an arbitrary slice i, respectively. The FS of the slope in
this study was calculated using the Morgenstern-Price method
(Morgenstern and Price 1965).

Simulation results

The reduction of the matric suction and the response of the
water table under rainfall conditions were obtained by transient
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simulation. Figure 12 illustrates the pore-water pressure distribu-
tion in the initial condition and at the end of 4.8, 7.2, and 9.6 h
for the case of 16 mm/h intensity of rainfall. It can be seen that
in all rainfall stages, very rapid pore-water pressure response was
observed with the rainwater infiltrated into the slope. Initially, the
pore-water pressure above the water table was negative, with a max-
imum matric suction of 426.48 kPa regardless of rainfall (Fig.12a).
With continuous rainfall, the maximum matric suction gradually
decreases (Fig. 12b-c). Meanwhile, the water content in the shallow
layer of the slope increases rapidly and the pore-water pressure
becomes positive, indicating that a saturated area had formed at the
crest of the slope. At the end of 9.6 h rainfall (Fig. 12d), the saturated
area further enlarged and extended to the groundwater table, and
the maximum matric suction was decreased to 285.55 kPa. However,
the pore-water pressure in the deep layer of the slope remained
constant with a maximum value of 1471.0 kPa.

The maximum matric suctions within the slope for each rainfall
intensities and durations are compared in Fig. 13. It can be seen
that the maximum matric suction decreases continually with the
increase of rainfall intensity and duration. However, the significant
matric suction remained in the slope even after 24 h of rainfall at
lower intensities of 4, 8, and 16 mm/h. For the case of higher rain-
fall intensities of 24 mm/h and 32 mm/h, the matric suction disap-
peared after 21.6 and 16.8 h, respectively, which indicates that the
slope was completely saturated. Numerous studies show the consid-
erable effect of matric suction pressure on the stability of the slope,
and the slope may become potentially unstable with the reduction
of matric suction (Lu et al. 2013; Chen et al. 2020). During the time
of rainwater infiltration, matric suction in the slope decreases, and
thus, the effective shear strength of the slope reduces, which in turn
may reduce the FS of the slope.

The FS of the slope for different rainfall intensities and duration
are compared in Fig. 14, and all FS values were calculated using
the one slip surface presented in Fig. 15a. For the initial condition,
that is no rainfall, the calculated FS is 1.15. Note that a FS of 1.2
was selected as the minimum adequate value following the Chi-
nese standard GB 51289-2018 (National Standard of the People’s
Republic of China 2018). Due to the occurrence of previous land-
slides and the deformation of the area, the slightly lower FS value is
considered to be consistent with the actual conditions. For 4 mm/h
rainfall, the FS remains above 1.0, indicating that the slope remains
stable even after 24 h of rainfall. For 8 mm/h rainfall, the slope
remains stable when the duration of rainfall is 12 h. Beyond 12 h of
rainfall, its FS drops drastically. Similarly, for 16 mm/h and 24 mm/h
rainfall, the slope remains stable only if the duration of the rainfall
is within 7.2 h and 4.8 h, respectively. For 32 mm/h rainfall, the
slope satisfies stability criteria when the duration of rainfall is 2.4 h,
whereas the FS drops rapidly when the duration of rainfall exceeds
2.4 h. It should be noted that the FS decreases gradually at the stable
stage and decreases sharply at the unstable stage. This difference
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is very likely due to the different actions of rainwater, and at the
stable stage, the decrease of the FS was caused by the propagation
of the wetting front, while at the unstable stage, the decrease of the
FS could be attributed to the enlargement of the saturated area in
the slope. The stability results indicate that if the rainfall intensity is
more than 16 mm/h, the north highwall will not be stable after 7.2 h.
As discussed before, this much of rainfall is usual for the Fushun
region during the months of July and August. This possibly explains
the destruction that occurred at the site after rainfall.

The critical failure surface obtained from the limit equilibrium
analysis of the north highwall under rainfall conditions is shown in
Fig.15a. It can be seen that the critical failure surface matched the
field surveys closely. SLOPE/W was able to read the seepage results
directly from SEEP/W in order to compute the actual pore-water
pressures at the base of each slice. Figure 15b shows the actual pore-
water pressures applied on each slice for 16 mm/h rainfall with dif-
ferent durations. Note how the pore pressures on the slices change
from negative to positive, as the slice number increases from left to
right. It would not have been possible to accurately establish this
type of pore-water pressure condition without the use of a rigor-
ous saturated-unsaturated seepage flow model. Figure 15c illus-
trates the contributing strength components applied to the slope
stability analysis for 16 mm/h rainfall after 2.4 h. The cohesion was
fixed as a material property and is constant at 52 kPa. The frictional
component depends on the slide base normal force and the suction
component depends on the pore-water pressure as it varies across
the slope. It is interesting to note the suction strength contribution
and compare it with the seepage pore-water pressures. There is no
suction strength where the pore-water pressures are positive. From
the above analysis, we can conclude that the original slope was stable
with a FS above 1.0 without considering rainfall, but unfortunately
encountered July 26, 2016, heavy rainfall and caused the landslide.
The development of pore-water pressure due to the decrease in mat-
ric suction and the decrease in shear strength of the green mudstone
was the main mechanism that triggered the landslide.

It should be noted that the results presented in this study are
based on two-dimensional simplified coupled seepage and stability
analysis. However, the FS obtained by real three-dimensional analy-
ses may be slightly higher than that obtained by plane problem
analyses, and the difference was attributed to the three-dimensional
effect of the landslide (Deng et al. 2007; Sun et al. 2021). An impor-
tant limitation is also the fact that the unsaturated soil characteris-
tic functions were derived from measurements made on the drying
path, whereas the study analyzes the conditions experienced by the
slope on the wetting path. Furthermore, there are several hydrologi-
cal parameters such as evaporation, evapotranspiration, vegetative
cover, depression storage, and surface runoff that can also affect
the pore-water pressure distribution and overall stability of the
slope, and the contributions of these factors on the occurrence of
landslide require further research.
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Conclusions

A landslide occurred at 5:00 (UTC + 8) on July 26, 2016, in the north
highwall of Fushun west open-pit, China, after the high-intensity
rainfall. The failure characteristics of the landslide were summa-
rized and the failure mechanism was analyzed. The following con-
clusions can be drawn from the study:

According to the field investigation, the landslide area was
divided into three parts: the crack area, the sliding body area, and
the accumulation area. The crack area was mainly formed by trac-
tion unloading of the landslide. The sliding body area is character-
ized by an arc-shaped sliding surface, slow or moderate velocities,
and limited internal deformation. The accumulation area consists
mainly of broken green mudstone with unclear edges and corners
from the disintegration and fragmentation of the upper rock mass.

Taking the microscale of geotechnical properties into consid-
eration, the mineral composition and microstructure of the green
mudstone were obtained by using the X-ray diffraction and scan-
ning electron microscope techniques. The green mudstone con-
tained minerals of muscovite, feldspar, analcime, montmorillonite,
and quartz and was identified as a micro-expansive rock. Relatively
large pore and fracture are both very common features in the green
mudstone, which could play an important role in the infiltration
of rainwater into the slope and improving the permeability of the
rock mass of the slope.

Based on field investigation and comprehensive analysis, a con-
ceptual model of the landslide mechanism was constructed. The
formation process of the landslide was divided into four stages:
unloading and cracking stage, sliding and partial locking stage,
shearing out and failure stage, and flowing and accumulating stage.

A simplified coupled seepage and stability analysis was per-
formed to explore the mechanism of the landslide by numerical
simulation using the Geostudio program. The relationship of volu-
metric water content and hydraulic conductivity to matric suction
was established to describe the hydraulic characteristics of the
slope material under infiltration. The seepage analyses were carried
out using the SEEP/W module, while the stability of slope was ana-
lyzed using the SLOPE/W module based on the obtained pore-water
pressure by the seepage analysis. The results show that the maxi-
mum matric suction in the slope decreases continually with the
increase of rainfall intensity and duration, and the north highwall
will not be stable after 7.2 h for 16 mm/h of rainfall intensity. It is
indicated that the original slope was stable and heavy rainfall trig-
gered the landslide; meanwhile, the critical failure surface obtained
by a combined analysis plot matched closely the field surveys. The
findings of the present case study successfully highlight the impor-
tance of considering these hydrogeological features in investigating
the mechanism of rainfall-induced landslides.
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