Bulletin of Engineering Geology and the Environment (2023) 82:472
https://doi.org/10.1007/510064-023-03492-x

ORIGINAL PAPER q

Check for
updates

Interpreting the formation mechanism of a complex landslide: a case
study of a reactivated landslide of a reinforced embankment slope

Qiuxiang Huang'2 - Jialin Wang' - Pinnaduwa H.S.W. Kulatilake? - Haofeng Guo’ - Jipeng Shen'

Received: 27 April 2023 / Accepted: 17 November 2023 / Published online: 1 December 2023
© Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

In the present work, geological and geotechnical studies were carried out to find the causes and mechanisms of a reinforced
embankment slope failure. The information collected from the surface investigations combined with the borehole data analysis
helped to understand the landslide process, to perform analyses to determine the movement mechanism, and to identify the
factors contributing to the landslide. Subsurface features, including the sliding mass, slid surface, stable layer below slid
surface, and groundwater, are determined based on borehole logs, from which cores of landslide masses and bedrock have
been retrieved and analyzed. Laboratory tests were carried out to estimate the geomechanical properties of soil, sandstone,
and mudstone that constitute the slope. Slope stability analyses were carried out to evaluate the effectiveness of the reinforce-
ment system and to analyze the failure mechanism. A discussion is presented on the following aspects: (a) influencing factors
and failure mechanism and (b) synergistic effect of rainfall and weak layer. The results show that the rainfall is the main
inducing factor of slope instability, while the effect of the groundwater on the weak layer played a vital role in the landslide
event. The anti-slide pile structure was found to be damaged, which indicates that further research is required in coming up
with better designs and constructions of such structures for high fill slopes with soft foundations. The results also indicated
that an effective drainage system should be implemented in improving the stability of the slope.

Keywords Embankment slope - Reinforced slope - Reactivated landslide - Weak layer - Rainfall

Introduction

Landslides are one of the most serious geological hazards
throughout the world. There are numerous studies on the
triggering mechanisms of landslides across the world. It
appears that landslides are complex phenomena that result
from an interaction of numerous factors: geological, geo-
morphological, physical, and human. These factors often
act together to cause a slope failure, and most of the time
it becomes difficult to assess the prominent factor causing
instability in an area.
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For internal factors, most researchers have focused on
the failure mechanisms of weak interlayers (Ronchetti
et al. 2009; Di Maio and Vassallo 2011; Regmi et al. 2013;
Grana and Tommasi 2014; Alonso and Pinyol 2015; Zhao
et al. 2019; Liu et al. 2020; Zhang et al. 2022; Zhang
and Wang 2023). Many studies have attempted to find
ways of correlating landslide occurrence with precipita-
tion (Hong et al. 2005; Montrasio et al. 2011; Kuo et al.
2013; Bai et al. 2014; Z&zere et al. 2015; Yi et al. 2021;
Bourenane et al. 2022; Li et al. 2023). The research on this
topic presents a clear tendency for landslide occurrence
to increase with increased rainfall, whereas the critical
precipitation that triggers the slope failure mostly depends
on a change in the groundwater conditions (Casagli et al.
2006; Schulz et al. 2009; Wu et al. 2014; Sun et al. 2019;
Sun et al. 2023), which result in increasing the weight of
the saturated materials and increasing the pore-water pres-
sure and thus decreasing the effective stress and hence the
strength of the materials (Matsuura et al. 2008; Vassallo
et al. 2015; Kang et al. 2020; Peng et al. 2022).
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Human activity has been recognized as an important trig-
gering factor that leads to many landslides (Husein Malkawi
and Taqgieddin 1996; Wasowski 1998; Kang et al. 2009; Wei
et al. 2012; Taga et al. 2015; Maduka et al. 2017; Hu et al.
2019; Huang et al. 2020; Yu et al. 2021; Huang et al. 2022).
Filling requirements are often encountered in the construc-
tion of airports, highways, and railways in mountainous
areas. The quality of the embankment is greatly influenced
by the subgrade materials, the general geology of the area,
and the materials used for construction. The stability of the
embankment also depends on the construction method and
drainage system, coupled with some external factors such
as rainfall, earthquakes, dynamic traffic load, and reservoir
water (Al-Homoud et al. 1994; Kamai and Sangawa 2011;
Prountzopoulos et al. 2014; Alonso and Pinyol 2015; Tandon
et al. 2021; Shinoda et al. 2022).

In addition to the complex and variable geological condi-
tions and environmental conditions, the lack of understand-
ing of embankment failure mechanism and the imperfection
of current stability design methods are also the main reasons
for the failure of filled subgrade slopes. The present study

deals with a complex landslide that occurred in a reinforced
embankment slope through a reactivated ancient landslide.
Geological and geotechnical studies were carried out to find
the causes and mechanisms of failure.

Setting
Overview of the landslide development history

On October 3, 2009, at about 15:20, a complex landslide
occurred in Panzhihua, Sichuan province of China, on the
east side of the runway in Panzhihua airport (see Fig. 1). The
landslide area (Fig. 1b) can be separated into two sections,
the embankment slid area and the reactivated ancient land-
slide area located at the lower part of the embankment slope,
with an estimated volume of about 5.1 x 10° m?. This failure
resulted in considerable damage to the runway of the airport
and led to the interruption of Panzhihua airport.

As revealed by previous investigation results, a part of
the study area originally belonged to an ancient landslide
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Fig. 1 Pre- and post-failure Google images of the study area; inset maps show the general location of the landslide in China. a Google image of
pre-failure, obtained in April 2009. b Google image of post-failure, obtained in Sep. 2010
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Table 1 The landslide development history

Time Event

Jan. 2001 Cracks developed in the embankment zone.

July 2002 The slide occurred at the foot of the embankment slope; then, 3 lines of anti-slide piles were installed.
Aug. 2008 Visible cracks developed in the embankment zone after an earthquake occurred on 30th Aug.

Oct. 2009 The filled zone lost stability; the YJP landslide was simultaneously reactivated.

Fig.2 Anti-slide piles exposed after a slide occurred in July 2002
(mirror to upslope)

(named as YJP landslide hereafter). It was in stable con-
dition before the airport construction. The aforementioned
instability framework was the result of a complex evolution,
characterized by instability phenomena with different exten-
sions and evolutionary stages, as given in Table 1.

The embankment construction began in 2000. During the
construction process, loose deposits (including some ancient
landslide deposits) on the surface of the original slope of the
runway area were removed and then filled and compacted
layer by layer, and finally, anti-slide piles were installed at
the foot of the embankment slope.

Possibly influenced by the construction, the YJP land-
slide began creeping with bulging developing in the upper
slope part, coincident with cracks appearing in the embank-
ment area, in January 2001. The opening of new fractures on
the slope enabled infiltration of rainfall into the slope body
resulting in softening and weathering of the sliding mass
and a decrease in shear strength. This, was coincident with
arise in precipitation, resulting in a slide at the foot area of
the embankment slope about 300 m in width, in July 2002.
This instability damaged the constructed anti-slide piles as
shown in Fig. 2.

To protect the embankment slope, stabilization works,
including a retaining structure (3 lines of anti-slide piles)
and a drainage system (two concrete drainage ditches),

Anti-slide piles

Embankment‘ zone

Fig.3 Contact relation between the embankment slope and the YJP
landslide before failure occurred (mirror to downslope)

were constructed in 2002. Two lines of anti-slide piles were
installed at the middle-lower part of the embankment slope,
while the third line of the anti-slide piles was installed at the
toe area. The two drainage ditches were installed on both
sides of the slope to reduce the surface water infiltration into
the slope body. Hence, the slope became stable again. The
contact relation between the embankment slope and the YJP
landslide is shown in Fig. 3.

The embankment slope resumed activity in 2008. An
earthquake of magnitude 6.1 occurred at 16:30 h on 30
August 2008 in Panzhihua with an epicenter of 26.2° N and
101.9° E, located at 35 km from the airport. The earthquake
resulted in crack development in the embankment slope,
leading to a sharp decrease in the strength of the man-made
fill material. Serious instability phenomena were observed
in the zone located on the east side of the runway during
the rainy period of 2009 as revealed by the field investiga-
tions and displacement analyses (described in the following
sections).

After a few such movements of the filled zone, the overall
instability of the embankment slope occurred on October
3, 2009, with sliding mass depositing on the upper part of
the YJP landslide. This led to the reactivation of the YJP
landslide. Hereafter, we refer to the two slides as zone I and
zone II sections (see Fig. 1b) of the landslide, which is the
research object of this paper.
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Geographical and geological setting of the study
area

As mentioned before, the YJP landslide was in stable
condition before the airport construction, with a gentle
slope gradient of §—10°. Many gullies developed on the
slope body, and ponds of varied sizes were scattered in
the middle and lower part of the slope (Fig. 4a). The
embankment zone for the runaway area construction was

located at the upper part of the ancient landslide, with
a region of 3.5km length in the N-S, 0.7km width in
the E-W. The runaway area was at an elevation of 1976
m, while the embankment slope was located on its east
side. After the embankment construction, the gradient of
this slope part turned out to be 25-26° compared to the
original value of 10-18°, with a maximum thickness of
filled zone up to 50 m and a slope height of 150 m (see
Fig. 4b).
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Fig.4 Geological and geotechnical setting of the study area. a
Detailed geologic map of the study area. Also shown are the original
locations of the anti-slide piles before failure and the locations of the
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The geological environment of the region is dominated by
the Quaternary and the Yimen group of Lower Jurassic (J,y),
almost mantled quaternary material, as shown in Fig. 4a.

1. The quaternary materials (Q,) involved in the landslide
were mainly composed of three units, including the
man-made fill material (Q4m1), landslide deposits (Q4del),
and alluvial deposits (Q,+¢.

e The man-made fill material (Q,™) mainly appears
in the embankment zone for flight runway con-
struction, with thickness ranging between 8 and 50
m. This unit was primarily composed of grayish-
yellow and yellowish-brown talus debris generated
from strongly to moderately weathered sandstone
and mudstone.

e The thickness of the landslide deposits of quater-
nary material (Q4del) varied between 12 and 25
m. This unit was mainly composed of yellowish-
brown silty clay, interspersed with strongly weath-
ered rock fragments generated from sandstone and
mudstone.

e The alluvial deposits (Q4d1+el) spread over the
slope on both flank sides of the landslide with a
thickness ranging from 3 up to 10 m. This layer
was made of mostly yellowish-brown, grayish-yel-
low silty clay, with a small percentage of grayish-
white clay, and sometimes containing fragments
of highly weathered sandstone and mudstone.

2. The outcrop rocks in the study area belonged to for-
mations of the Lower Jurassic. Alternating layers of
carbonaceous mudstone and sandstone made up the
bedrock of the slope. The carbonaceous mudstone for-
mation was characterized by a pelitic texture, while
the sandstone formation was of fine-grained texture.
The stratum dipped in the direction of 97-165°, with
an inclination of about 8—18°, with that of the slope.

In the study area, the mean annual temperature was
about 20.9 °C. Most of the precipitation was concentrated
from June to September, accounting for about 95.5% of
the year. The average annual precipitation was roughly
801.6 mm, with a maximum of 1006.9 mm. Figure 5
shows the monthly precipitation data covering 6 years
(2005 to 2010) taken from the Panzhihua airport gauging
station. It also shows the amount of precipitation during
the rainy periods in 2009 and 2010, when the landslide
phenomena in the studied sites occurred.
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Fig.5 Monthly precipitations of the years 2009 and 2010 and the
mean monthly precipitation for the period 2005-2008 that were
recorded at the airport gauging station

Materials and methods

To understand the processes which caused the reactivation,
a series of geological and geotechnical investigations were
carried out immediately after the landslide took place, in
Oct. 20009.

Field investigations were carried out to obtain the slope
direction, slope angle, attitude of the beds, and various
deformations at different locations. To assess the subsur-
face conditions, 62 boreholes (see Fig. 4a for locations) were
made. Among them, 56 boreholes are prefixed by ZK-, and
the remaining 6 boreholes are prefixed by TZK-, which are
used to detect failure of anti-slide piles. In addition, three
exploratory trenches (TC1-TC3) were dug to identify the
causal relationship between the embankment sliding mass
and the ancient landslide.

Samples of each layer, including the embankment
material, ancient landslide deposits, and bedrock involved
in the landslide, were taken for laboratory testing to
improve understanding of the material characteristics.
Both undisturbed and disturbed samples were collected
from boreholes or outcrops and cut faces at different posi-
tion. All samples were packed in sample boxes and sent
for testing in time.

The physical and mechanical properties of the embankment
sliding zone obtained from the performed tests on samples
taken from boreholes included the unit weight, porosity, natural
water content, grain size distribution, and direct shear test. The
samples for grain size distributions collected at seven different
sites of the embankment sliding area represented different lay-
ers of the embankment body. The shear strengths were obtained
from the direct shear tests conducted under both natural and
saturated conditions.
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Laboratory tests were carried out systematically on
material from the YJP landslide zone. Landslide deposits
were collected from the boreholes. The samples were pre-
dominantly obtained from the depths of the sliding zone.
To determine the physical parameters of the materials, the
performed tests included unit weight, porosity, natural water
content, degree of saturation, and Atterberg limits. Special
attention was paid in determining the shear strength on
samples collected from depths where the slip surface was
located. Different types of shear tests were performed on
both the undisturbed and remolded samples under natural
and saturated conditions, including the drained direct shear
test and the repeated direct shear test to obtain the residual
strength.

To characterize the geotechnical properties of the bed-
rocks, 10 blocks of moderately weathered sandstone and 11
blocks of moderately weathered mudstone were collected;
various properties like density, deformability parameters,
and shear strength parameters were determined under both
the natural and saturated conditions. In addition, the soften-
ing coefficient (ratio of the uniaxial compressive strength
of rock under saturated and natural state) was determined.

To evaluate the function of the reinforcement system and
to analyze the failure mechanism, an embankment slope
stability analysis was carried out considering the reinforce-
ment and using the results obtained from the boreholes and
field and laboratory testing. Slope stability analyses were
carried out on the original cross section (before the land-
slide occurred, see Fig. 4b), for natural as well as saturated
conditions because the slope failures occurred during the
rainy period.

The data obtained from the field and laboratory investiga-
tions were analyzed to understand the landslide process and
movement mechanism.

Results

Macroscopic deformation and movement
characteristics

The wider landslide area can be separated into two sections;
the upper part is the embankment sliding zone (denoted as
zone I), while the lower part is the reactivated YJP land-
slide (referred to as zone II), as shown in Fig. 1b. From the
crown (altitude about 1975 m) to the tip (altitude about 1550
m), the total length of the slope is approximately 1800 m
and the width of the displaced mass is about 200—400 m, in
the shape of a long tongue. The landslide mass movement
was mainly in the direction of 125° with a displacement of
100-300 m in this direction. When combined with the bore-
hole results, the thickness of sliding mass ranged between 10
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and 25 m, and the estimated volume was found to be around
5.1x 10°m’.

After the embankment instability occurred, rear and
flank scarps could be seen clearly. The main back scarp was
located at 1975 m a.s.1. with vertical movement of 30-35 m
and a head width of 350 m (Fig. 6a), with a scrape of 3-5
mm, maximum value up to 20 mm in depth (Fig. 6b), while
successive minor scarps with vertical movements of 5-10 m
were observed within the embankment sliding zone (Fig. 6f).
Rear south flank scarp had a height of 15-20 m, with bed-
rock outcrop as the top layer. The attitude of scarps at this
position varied differently with a circular shape, having a
direction ranging between 115 and 135° and an inclination
changing from steep to gentle with dip angles of 29-31° in
the translational part, as shown in Fig. 6e. This type of phe-
nomena indicated a rotational movement in the rear section
of the embankment. Scarp was also obvious in the north
flank. Figure 6h shows the characteristics of the scarp on
the front middle part of this flank, which is 3—5 m high;
the scrapes have resulted from sliding in the direction of
175-195° with dip angles of 6—-13° and depth of 2—4 mm.

As mentioned before, the landslide body consisted of
the embankment sliding zone and YJP landslide zone, with
highly different movements between the two sections, for
both type and rate.

Zone 1 is characterized by a rotational-translational move-
ment, turning from mainly a rotational slide (in the upper
part) to a translational movement (in the lower part), with
a maximum displacement of sliding mass up to 300 m. The
upper part of the failed embankment slid in rotational move-
ment with severe deformation, generating a series of terraces
with 30-50 m in width, 170-180 m in length, and scarps in
height of 15-30 m. In the translational movement part, the
lower part of zone I showed obvious flow signs (Fig. 6g),
with smooth surface undulations and slope gradients of
8-13°, and the sliding mass of this part spread downwards
with deposits overlaying the zone II, YJP landslide. The
maximum displacement of zone I was around 300 m. This
movement destroyed anti-slide piles and it can be clearly
seen in the slid body (Fig. 6g), with residue body material
appearing in a borehole at depths of 7.8-10.26 m (Fig. 7).
Note that this borehole was located 70 m downwards from
the original location of the anti-slide piles (Fig. 4). Also,
corings from boreholes TZK1-TZK6, which are used to
detect failure of anti-slide piles, reveal that the anti-slide
piles have been cut off. These phenomena proved that the
anti-slide piles were completely destroyed.

The landslide body of zone II indicated translational
movement. The upper part of zone II still maintained the
overall structure of the old landslide, with a sliding distance
of 130-150 m and vertical and oblique cracks on the slid-
ing body. The lower part of zone II was the front part of the
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Water outflow

120 /57° .

140£13°

Bedrock outcrop

Fig.6 Comprehensive photos show destroyed phenomena. a General
view of failure zones. b Scrape at the back scarp. ¢ Water discharge at
the back scarp. d Cracks at crown. e Scrape at the south flank. f Sec-

Fig. 7 Details of the borehole
coring (ZK-23) showing the
residue body material of the
anti-slide piles; see Fig. 4a for
the drilling location

landslide. Its sliding distance was 80—100 m, and the ground
showed undulations with soil bulging by the extrusion. Due
to the steep terrain, sliding body multi-graded disintegration
and resulted in developing a secondary slide.

ondary scarps at the back part of zone I. g Destroyed anti-slide piles
at the lower part of zone I. h Scrape at the north flank

Moreover, outside the landslide area, influenced by the
instability, a series of destructions appeared at the top of the
embankment slope, in the forms of ground cracking and sink-
ing, resulting in a crack density area about 10 m in width
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near the crown area (see in Fig. 6d). The cracks developed
perpendicular to the slid direction, with variable widths, from
2 to 50 cm, and variable vertical offsets from 2 to 40 cm.

Material composition

The field investigation, including trenching and drilling
work, revealed the structure of the landslide body, includ-
ing the material, thickness of each layer, and groundwater
condition (Figs. 8, 9, and 10).

Sliding mass

Sliding body thickness of zone I ranged between 12 and 25
m, with 20-25 m at the upper part, and decreasing proceed-
ing downwards, with ending at 12—15 m. Sliding mass of
this section includes two different units, an upper layer (©,
see in Fig. 8) made of embankment material (Fig. 8b) and
a lower one (@, see in Fig. 8) made of grayish-yellow and
yellowish-brown silty clay with fragments derived from the
strongly weathered sandstone and mudstone (Fig. 8c).

Fig.8 Drilling work revealed (a)
the structure of the landslide lFlight zonle Initial active zone I 1 Reactivated ancient landslide IT :
body, including the material, A 4 ' L C
. 02, 125"

thickness of each l.ayer, and masil - = Information of enlarged bore hole area masl.
groundwater condition. a Cross 1980 Runway 7zk11 Embankment slope before failure (1) Peacn ~ 1980

i i R ) Back boundary of ancient landslide i @ Filled material
section of the landslide along Y Sipsurface—| @ !Sity-ca
the trace line A-C depicted in 1900+ { @ [ Carbonaceous mudstone L 1900
Fig. 4a. b—f Typical i Overlapares \ (® | Sandstone

ig. 4a. b—f Typical corings q b
showing the material of ®, @, ®, 18004 sy a3 o slip surface —— (IR SItty-clay L 1800
. - - ! ! Carb dst

@, B®; see Fig. 4a for the drilling Lo \‘\l**j:\ _i'i” K42 (?) p Corkonaceous mildstone

. — o S o 1 isandst
location. ® Man-made fill mate- 1700 anti-slide piles ] v\\ \TES wae e 1700
rial; ® dynamically compacted . 2 e st

. . R
grayish-yellow and yellowish- ) ) S 258
brown silty clay; ® grayish-yel- 16004 | egend Man-made fll materia Groundwaterlevel ey - 1600

5 . : . C.
low and yellowish-brown silty Landslide deposits Slip surface Bore holes
: : . 1500 1 1 1 1 1 1 L 1 1 1 1 | L 1 1 | 1 | 1500

clay with high water content; ® om 200 400 600 800 1000 1200 1400 1600 1800 m

strongly weathered mudstone; ®
moderately weathered mudstone
and sandstone

Fig.9 Details of the typical
borehole coring and trenching
showing the material and char-
acteristics of the slip surface.
a Morphology of slip surface
revealed by drilling, text on the
left side showing the depth of
the slip surface. b Morphology
of the slip surface at the front
edge of zone I and shear outlet
exposed by the trench
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Fig. 10 Surface water exposures observed in the landslide area during
field investigations (the approximate locations are shown in Fig. 6a).
a Groundwater outflow from part drainage holes seated in the filled

The thickness of zone II was about 5-22 m, with 18-22 m
in the upper part and 5-10 m in the lower part. The sliding
mass mainly consisted of silty clay with rock fragments in
percent of 10-20%, dominated by yellowish-brown strongly
weathered sandstone (Fig. 8d).

It was worth noting that the material in the lower part of the
embankment sliding area (zone I) is dynamically compacted
silty clay, and its material composition was similar to that of
the ancient landslide area (zone II), indicating that this part of
the material belonged to the original slope. Moreover, most of
the core drilling results showed that when the water content
of the sliding mass was low, its state was close to Fig. 8c, and
when the water content was high, its state is close to Fig. 8d.
This is because silty clay is weak in nature, low in strength, and
strong in plasticity, while the soil from the lower part had high
water content, the samples were of medium-high plasticity.

Sliding zone

With the failure of the embankment slope, the material
slipped away, forming smooth walls and scratches on the
rear and both flanks (Fig. 6b, e, h). These exposed sliding
zones on the surface show that the thickness of the sliding
zone is 10-20cm, and the material of the sliding zone is
mainly gray-yellow and yellow-brown silty clay, containing
a small amount of strongly weathered sand and mudstone
fragments, and the size of individual stones can reach 50 cm.
The large particles contained in the sliding belt made deep
scratches on the sliding surface during the sliding process.
Most of the exploration boreholes on the landslide body can
clearly reveal the position of the sliding zone, which is at depth
of 3-25 m, with the slip surface developed along the top of the
bedrock. There are many examples of polished and slickenlined
surfaces (Fig. 9a). The material of sliding zone is mainly gray-
ish yellow and yellowish-brown silty clay with fragments of
moderately-strongly weathered sandstone and mudstone, with
a thickness of 10-20 cm. However, the thickness of the sliding
zone in the middle-lower part of the landslide is 30-60 cm.

body. b Water pond on the north side of the landslide. ¢ Water groove
on the south edge of the landslide

The results of exploratory trenches (location shown in
Fig. 6a) indicated that the filled material overlaid on the
landslide deposits directly, with abundant plant roots at the
interface (Fig. 9b). In addition, the interface was undulating
and a steeply inclined slip surface with scrape was found in
the sliding body (Fig. 9a, ZKO05). These types of phenom-
ena indicated that there were secondary slid surfaces devel-
oped in the embankment sliding zone, resulting in sliding
mass deposited on the landslide, while a deeper movement
occurred along the ancient slid surface.

Sliding bed

According to the borehole data, the stable layer below slip
surface consisted of two different units, mudstone and sand-
stone, located at depth of 10-25 m from the ground surface.
The material of the upper stable layer was moderately-strongly
weathered carbonaceous mudstone (Fig. 8e), with a thickness
of 1.5-4.0 m and a low hydraulic conductivity. The lower
stable layer was moderately weathered sandstone (Fig. 8f),
thick-bedded, with a thickness of over 15 m, and the rock
mass was strongly jointed resulting in good water permeation.

Groundwater

The conducted site investigations and surveys indicated
that the groundwater in the landslide area was relatively
developed. Several subsurface discharges of groundwater
appeared on the back scarp (Fig. 6¢), and water ponds in
surface depressions were scattered both in and outside the
sliding area (Fig. 4a). These phenomena showed that the
groundwater was abundant in the areas of filled slope and
the YJP landslide.

The boreholes located in the top area of the embankment
slope revealed that the water level depth is about 15-16 m in
the south area, while it was about 50 m in the middle area.
Once in an emergency rescue project, a series of drainage
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holes were made in the filled body. Some of those holes had
groundwater outflow and the rest were dry holes (Fig. 10a).
So, a conclusion can be made that there was no continuous
water level in the filled slope body, and the groundwater
was a kind of perched water, formed from direct infiltration
of rainfall.

There is basically no groundwater in the rear part of the
active sliding area of the filling body (ZK12, ZK13, ZK14),
and groundwater begins to appear in the middle part of the
sliding mass (ZK15, ZK16), and the water level is buried at
a depth of about 10 m. The buried depth of the groundwa-
ter level gradually becomes shallower, and groundwater is
exposed on the surface. In the low-lying areas on both sides
of the landslide, groundwater leaching can be seen, forming
small puddles (see Fig. 10b, c). In addition, the water depth
in the YJP landslide was 5—10 m, and the groundwater level
reached the surface of the slope during the heavy rainfall in
the upper area.

Geotechnical properties

Field investigation and laboratory testing to obtain geo-
technical properties, which formed an important element
to identify and enhance understanding of the instability
phenomena.

Embankment materials

The material was composed of yellowish-brown silty clay
and fragments generated from moderately-highly weathered
sandstone and mudstone. According to the particle size anal-
yses of all samples (as shown in Fig. 11), the material in the
middle and lower part of the filled body was found to be
mainly composed of fine particles, with the percentage of
fines higher than 50% and up to 85% with grain size smaller

% of particles

0.050.0740.1 0.25 0.50 1 2 5 10 10 60 100 120 140 160 200

Particle size (mm)

Fig. 11 Grain size distributions of seven samples obtained from the
embankment area, with four samples (named as S1-S4) collected
from the back scarp area representing the material of the middle-
lower part of the embankment and the other three samples (referred
to as S5-S7) from the crown area representing the material of the
upper part
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than 20 mm. The percentage of fines in the upper part mate-
rial of the filled body was found to be about 20-23%, which
was dominated by coarse-grained soil with boulders occa-
sionally observed in the size of 0.5-1.0 m.

The test results of the embankment material indicated a
soil porosity ranging between 0.50 and 0.65 and a natural
unit weight of 19.7 kN/m® and a saturated unit weight of
21.1 kN/m>. The direct shear tests resulted in a friction angle
of 25° and cohesion of 30 kPa under the natural condition
and a friction angle of 23-24° and cohesion of 22 kPa under
the saturated condition.

Landslide deposits

The landslide deposits were mainly constituted of silty clay
with a low content of clay or silt. The unit weight of those
ranged between 17.7 and 21.6 kN/m>. The soil porosity
ranged between 0.39 and 0.85. Water content values between
2.0 and 28.0% were obtained, with the lowest values result-
ing for the samples close to the surface. The degree of satu-
ration, Sr, ranged between 13 and 100%. The soil water con-
tent results showed an increase with depth; the soil from the
upper part was drier, while the soil from the lower part had
high water content. The samples from the slid surface were
nearly under full saturation. The majority of the analyzed
samples were of medium-high plasticity.

The peak shear strength was determined by means of the
standard consolidated undrained triaxial tests with constant
cell pressure. A friction angle of 4-26° and an effective
cohesion of 10-51 kPa were obtained for the shear strength
parameters. The residual shear strength parameters were
determined by repeated direct shear tests on undisturbed
specimens and also on some reconstituted ones. The residual
cohesion ranged between 5 and 27 kPa, and the residual fric-
tion angle ranged between 2° and 20°. The water content has
a great influence on the strength.

Sampling and test results show that the upper part of the
landslide soil is relatively dry, and the lower part of the soil
has a large water content, and some areas are close to satura-
tion. Silty clay is weak in nature, low in strength, and strong
in plasticity, and it is easy to soften under the action of water
to form a weak structural surface.

Rock masses

According to drilling and sampling, the strongly weathered
carbonaceous mudstone was grayish yellow with the core
fractured into soil-like fragments, while the moderately
weathered carbonaceous mudstone was gray or blueish-gray,
and the core was in short columnar or fragmented (Fig. 8e).
When exposed to the air, core samples of the moderately
weathered ones presented quick cracking and disintegration,
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caused by loss of water. The saturated compressive strength
of the carbonaceous mudstone was 3—11 MPa, with an aver-
age value of 6.7 MPa. It belonged to the soft rock category,
with a softening coefficient value of 0.53, indicating its poor
stability and high softening susceptibility in the presence
of water.

The core samples from the moderately weathered sand-
stone layer were mostly in long columnar form and occasion-
ally in short columnar or fragmented form, with light yellow
or grayish-white color (Fig. 8f). Due to intense fracturing,
the core was highly fragmented and easy to be crushed by
hand. The test results indicated that the saturated compres-
sive strength of the sandstone ranged between 10 and 139
MPa, with an average value of 47.5 MPa and high disper-
sion. The main reason for the variability was the presence
of fractures.

Stability of embankment slope

As mentioned earlier, four rows of anti-slide piles were
placed in the embankment slope from 2001 to 2002. During
the landslide, the piles were damaged and did not play an
anti-slide role. Therefore, it is necessary to study the sta-
bility of the embankment slope and the forces/stresses that
acted on the piles under different conditions. Section A-B
(see Fig. 4b) was selected for numerical modeling. In this
simulation analysis, the material composition of the slope
was simplified, by ignoring the existence of the silty clay
layer between the fill body and the bedrock.

Firstly, the Swedish slices method was used to calcu-
late the stability of the embankment slope. The calculation
results provided a factor of safety (Fs) value of 1.18 under

natural conditions indicating a stable state for the filled
body. Under the condition of rainfall, the parameters in the
saturated state were used for calculation, and Fs = 0.98 was
obtained indicating an unstable state.

Then, the numerical analysis software PLAXIS was
used to simulate the deformation of the filled slope and
the stress in the anti-slide piles under different conditions.
The PLAXIS software is a finite element method numerical
simulation software based on the continuum deformation
theory and small deformation erection. When the simulated
object undergoes a large deformation, the divided grid will
be destroyed. Therefore, in this simulation, only the simu-
lated stress of the anti-slide piles under different working
conditions is obtained, which helps to make a qualitative
analysis of the failure mechanism of the landslide.

According to the principle of pile-soil interaction, the
distribution form of the thrust and resistance of the piles
can be calculated, and the landslide thrust borne by the piles
can be obtained by integrating the thrust and resistance. The
calculation model is shown in Fig. 12. Horizontal constraints
are applied to the left and right boundaries, and fixed con-
straints are applied to the bottom. In the simulation analysis,
two phases, solid and liquid, were used, and the fluid-solid
coupling analysis was carried out based on Biot’s consoli-
dation theory. The Mohr-Coulomb constitutive model was
selected to represent the strength of different materials used
in Fig. 12, and the seepage function and soil-water charac-
teristic curve of rock and soil were fitted by Van Genuchten
equation.

Both natural conditions and rainfall conditions were con-
sidered in the calculations, and the rainfall conditions were
divided into two cases: effective drainage and poor drainage.
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Fig. 12 The model adopted for stability analyses in PLAXIS software
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Here, whether the drainage system is effective is defined
in terms of the drainage effect obtained. Effective drainage
means that the drainage is so effective that the groundwater
level does not rise even when heavy rainfall occurs. Poor
drainage means that the drainage effect is not good, and the
groundwater level rises after the rainfall occurs.

Three conditions and four stages are included in the
numerical simulation. Stage 1 is to simulate the initial state
of the slope and initial stress generation by the KO proce-
dure, a special calculation method available in PLAXIS. In
the subsequent simulation stages, the role of groundwater
is achieved through the fluid-solid coupling function of
PLAXIS, and the impact of rainfall on groundwater level is
achieved by setting water boundary conditions on the surface
of the slope. Stage 2 simulates the natural working condi-
tion, stage 3 simulates the rainfall condition with effective
drainage, and stage 4 simulates the rainfall condition with
poor drainage. The simulated stress of the anti-slide piles
under different working conditions is obtained.

Case 1: the calculation results under the natural condition
show that the deformation mainly occurs in the interior of the
filled section, and a high deformation is distributed around
the top of the fill slope (see Fig. 13a). The calculation result
of landslide thrust borne by the first row of anti-slide piles is
4113 kN/m. According to the design data, the design capacity
of anti-slide piles is 5000 kIN/m; so the force on the pile body is
less than the design standard, and the slope is in a stable state.

Case 2: under the condition of rainfall, when the drainage
is effective, the influence of the groundwater only includes the
saturation effect on the fill material, which increases the sliding
force of the fill slope. The results show that the deformation
distribution is similar to the natural condition, but the defor-
mation is a little higher (see Fig. 13b). The calculation result
of the landslide thrust borne by the first line of anti-slide piles
is 5734 kN/m, which is greater than its design capacity value.
Therefore, the anti-slide piles are at risk of being broken.

Case 3: under the condition of rainfall, when the drainage is
poor, it includes the softening effect of the groundwater. The
strength parameter values at the foundation cover interface are
reduced by a reduction coefficient of 0.67. Under this condition,
the landslide thrust borne by the first line of anti-slide piles is
13,714 kN/m, which is close to three times the design capac-
ity. At this condition, it can be considered that the first line
of anti-slide piles is damaged. According to the displacement
distribution (see Fig. 13c), the deformation area of the slope
is consistent with the actual sliding part observed in the field.

According to the above results, it can be concluded that
under the natural condition, the anti-slide piles provide suf-
ficient resistance for the filled slope, and the slope is in a
stable state. Under rainfall conditions, when the drainage
is unobstructed, the distribution characteristics of the slope
deformation are similar to those under natural conditions. It
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can be concluded that if the drainage conditions are good, it
reduces the impact of the groundwater and does not form a
sliding surface. However, the thrust borne by the first row of
piles is greater than the design capacity. If the situation wors-
ens, the piles are at risk of damage. In case of poor drainage,
the thrust borne by the first row of anti-slide piles is far greater
than its design capacity, which leads to the destruction of the
first row of anti-slide piles and results in the gradual increase
of the sliding force of the slope. Therefore, the fill body fails
progressively, the anti-slide piles get damaged row by row,
and finally, a sliding surface is formed at the foundation cover
interface, resulting in the overall sliding of the fill slope.

Analyses and discussion
Influencing factors and failure mechanism

The instability of the slope is the result of a combination of
various factors. The results of the comprehensive field inves-
tigations, laboratory tests, and stability analysis show that the
formation of the landslide, in this case, is closely related to
factors such as the structure of the slope, the characteristics
of the rock and soil, groundwater, earthquakes, and rainfall.

The original geomorphology of the study area was a
deep trough and valley controlled by the ridge bedrock. It
was easy to collect the surface water and the water seeping
through the bedrock. The groundwater not only softens the
weak rock formations but also generates a certain amount
of hydrostatic pressure and hydrodynamic pressure, which
affects the stability of the slope.

Before the occurrence of the landslide, the slope gradient of
the filled slope was 26-27°, which was conducive to the occur-
rence of the landslide. The weak layer of the carbonaceous
mudstone or silty clay, which was between the bedrock and
the overburden of the filled slope, was the internal cause of the
landslide. This kind of weak layer has a low shear strength, and
the carbonaceous mudstone is a waterproof layer. It is easy to
accumulate groundwater near the interface between the bed-
rock and overburden, and the softening effect of the groundwa-
ter further reduces the shear strength of the weak layer. Under
the control of the weak layer, the high-filled body was prone to
deform and damage integrally along this interface.

As mentioned before, an earthquake of magnitude 6.1
occurred on August 30, 2008, which caused large deforma-
tions of the high-fill slope and obvious downward staggered
cracks on the slope of the soil area. Since then, the slope
deformation had gradually increased, indicating that the
earthquake dynamics caused certain damage to the slope,
which became one of the inducing factors for the evolution
of the filled slope to a landslide.
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The cracks in the filling body caused by the earthquake
provided a good channel for the infiltration of rainwater. This
phenomenon reduced the strength of the soil body, and the
filled body entered an accelerated creeping stage in the rainy
season. Around the end of September 2009, there were two
consecutive rainstorms. Due to that the groundwater level and
water pressure in the filled body increased rapidly, and the
shear strength of soils decreased. Under the combined action
of the slope self-weight, pore water pressure, and seepage
pressure, the thrust of the slid-filled body on the anti-slide
piles exceeded the resistance that the anti-slide piles could

bear and resulted in the failure of the piles. This led to a
reduction of the support for the filled body and propagation
of the sliding surface and overall failure of the filled body and
the anti-slide pile system. The sliding mass of the filled slope
covered and pushed the ancient landslide which was located
below, resulting in the reactivation of the ancient landslide.
According to the slope structure and failure characteris-
tics, the landslide studied can be categorized as a large push
type “slip pull crack” bedding landslide produced in high
fill, and an old landslide, in which the filled area belongs to
the active part and the YJP landslide belongs to the passive
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part. As for the evolution process, firstly, the filled slope
produced integral creep deformation along the interface
between the foundation and overburden. With the gradual
increase of creep deformation, the anti-sliding structures
failed one by one, leading to the propagation of the slid-
ing surface. Under the occurrence of the rainstorm, the high
slope of the filled body produced overall instability and slid-
ing, which induced the activation of the YJP landslide, and
finally formed a complex landslide.

Synergistic effect of rainfall and the weak layer

The instability of the filled slope is a complex one. Gen-
erally speaking, the influencing factors mainly include the
following three aspects: the engineering characteristics of
the fill material itself, the engineering characteristics of the
underlying strata, and the interaction between the fill body
and underlying strata under the synergistic action of multiple
factors.

According to the structural characteristics of the filled
slope, the sliding surface might have developed at the fol-
lowing contact surfaces: (a) the contact surface between
the foundation and the filled body, (b) the contact surface
between the bedrock and the overburden of the original
slope, and (c) a weak layer at a certain depth of the original
slope.

As mentioned earlier, the interface between the bedrock
and filled body was a layer of dynamically compacted silty
clay with a thickness of 3—10 m, mostly residual deluvial
soil, strongly weathered sand, and mudstone of the origi-
nal slope. The top surface of the bedrock was grayish black
carbonaceous mudstone with a thickness of 5—15 m. Due to
the great difference in strength between the Quaternary over-
burden and bedrock, the contact zone between the silty clay
layer and bedrock becomes a relatively weak layer, which
controlled the stability of the filled slope.

Rainfall was the main inducing factor of the slope insta-
bility. Rainfall infiltration increased the self-weight of
the slope, led to more groundwater seepage pressure, and
reduced the shear strength of the soil. The test results show
that the silty clay has poor physical and mechanical proper-
ties, low strength and strong plasticity, and susceptibility to
softening under the action of water. The underlying carbona-
ceous mudstone was a relatively impermeable stratum. The
trapped water on the surface of the carbonaceous mudstone
sharply reduced the shear strength of the interface between
the slope alluvium and carbonaceous mudstone. Under the
softening action of the groundwater, the shear strength fur-
ther decreased, resulting in a change from a hard plastic state
to a soft plastic or even flow plastic state, leading to large
plastic deformation occurring under the action of gravity.
In the case of a rainstorm, a large amount of surface water
infiltrated into the slope in a short time causing the pore
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water pressure in the slope to increase rapidly and inducing
the filled body that has entered the stage of accelerated creep
deformation to lose stability.

From the above analysis, it can be seen that the weaken-
ing effect and mechanical effect of the groundwater on the
weak layer played vital roles in the whole landslide event.
Therefore, during the construction of the filled body project,
the slope deposit on the foundation surface should be com-
pletely removed to avoid the existence of a weak layer. At
the same time, an effective drainage system should be placed
in the treatment project.

Conclusions—Ilessons learned

The landslide case studied in this paper is a complex land-
slide formed from a reinforced embankment slope and an
ancient landslide. The high-filled slope slid first, and the
sliding mass covered the ancient landslide located below,
making it passively reactivated, thus forming a giant push-
type landslide.

The rainfall is the main inducing factor of slope insta-
bility. The weak and slippery carbonaceous mudstone
layer located near the interface between the foundation
and overburden at the bottom of the fill was the inter-
nal cause of the landslide. The long-term softening and
mechanical action of the groundwater played vital roles
in the whole landslide event, which indicates the impor-
tance of an effective drainage system for the stability of
this kind of slope.

During the landslide, the anti-slide piles got damaged.
The stability analysis showed that the anti-slide piles had
to bear a high thrust under the rainfall conditions, and the
earth pressure on the first row of piles was about three times
that under the natural conditions, which was far greater than
the design capacity of piles. The pre-reinforced piles broke
progressively from back to the front row by row, indicating
that the design layout plan and determination of the stresses
on the multiple rows of anti-slide piles on the fill slope were
unsatisfactory.

Our lessons from the case study are the following: (a)
In high filled slope engineering, special attention should
be paid to the removal or treatment of the weak layer that
exists at the bottom of the filled body. (b) The groundwater
has a great impact on slope stability, so effective measures
should be taken to eliminate its influence. (c) The design
and layout of the pre-reinforced structure should be deter-
mined incorporating the possible deformation mechanism
of the slope.
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