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Field monitoring and deformation characteristics
of a landslide with piles in the Three Gorges Reservoir
area

Abstract Landslides often occur within the reservoir area be-
hind dams. In China, a common strategy for stabilizing these
landslides is to install large piles through the landslide and
into the stable ground below. The piles interact with the land-
slide and constitute a landslide-stabilizing pile system. The
deformation of this system under the reservoir operation is
more complicated than the deformation of the landslide itself.
Understanding the behaviour of this system is very important
to the long-term safety of landslides stabilized with piles in
reservoirs. The Majiagou landslide, which was selected as a
case study, was triggered by the first impoundment of the
reservoir behind the Three Gorges dam. A row of anti-slide
piles was installed in the landslide in 2007, but monitoring
results found these were ineffective at stabilizing the landslide.
Subsequently, in 2011, two longer test piles and an integrated
monitoring system were installed in the landslide to better
understand the failure mode of the landslide and to measure
the deformation characteristics of the landslide-stabilizing pile
system. Monitoring results show that the Majiagou landslide is
a translational landslide with three slip surfaces. The test piles
provided local resistance and partially slowed down the sliding
mass behind the piles, and the landslide deformation response
to external factors decreased for a time. However, after 2 years,
the deformation of the landslide-stabilizing pile system
reverted to seasonal stepwise cumulative displacements influ-
enced by cycles of reservoir drawdown and rainfall. The mon-
itoring results provide fundamental data for evaluating the
long-term performance of anti-slide piles and for assessing
long-term stability of the stabilized landslide under the reser-
voir operation.

Keywords Landslide-stabilizing pile system . Deformation
characteristics . Field monitoring . Three Gorges Reservoir area

Introduction
The Three Gorges Reservoir in China is long and narrow and
has approximately 2000 km of shoreline. The creation of the
reservoir in 2003 initiated many new landslides. For example,
the Qianjiangping landslide in Zigui County was caused by
water level fluctuations and heavy rainfall (Cojean and Cai
2011). There are more than 5300 landslides in the reservoir area
(Yi et al. 2011). Of these, 725 landslides have been stabilized with
anti-sliding structures according to official statistics. Typically, a
single row of large anti-slide piles is installed through the
landslide and into the stable ground below to help stabilize
the landslide. While anti-slide piles have been widely used
around the world, including in the Three Gorges Reservoir area
(Chen and Martin 2002; Zhou et al. 2014), questions remain
about how these landslide-stabilizing pile systems function
and deform under reservoir operations. Seeking answers to

these questions is fundamental to evaluating the long-term
performance of anti-slide piles and to assessing long-term sta-
bility of the stabilized landslides.

The evolution of a landslide is a complicated process, con-
trolled not only by basic geological, geomorphic, and
hydrogeological properties but also by external factors. For
reservoir landslides, the evolution process is more complicated
due to the effect of varying reservoir water levels. In the Three
Gorges Reservoir area, many landslides occur on weak sedi-
mentary rock layers that can be easily softened by water. For
example, the Majiagou landslide developed on the purple-red
mudstone of the Jurassic Suining Formation strata and the
Huangtupo landslide developed on the middle Triassic Badong
Formation strata. Studies have shown that rainfall and water
level fluctuations are the two dominant factors influencing the
deformation of landslides in the Three Gorges Reservoir area
(Hu et al. 2013; He et al. 2008; Wang et al. 2016, 2008; Xia et al.
2013). At present, numerical simulation methods (Lane and
Griffiths 2000; Jian et al. 2009; Paronuzzi et al. 2013; Jiao
et al. 2014; Jiang et al. 2016, Jiang and Zhou 2017) and physical
model tests (Jia et al. 2009; Yan et al. 2010; Zhu et al. 2014) are
widely used to study the stability and deformation of land-
slides affected by rainfall, water level fluctuations, and other
conditions. In situ monitoring is another effective and practical
way to reveal the landslide deformation. Moreover, monitoring
can be used to verify the results of numerical and physical
models. Through field monitoring, researchers (Wang et al.
2016, 2008; Yin et al. 2010; Massey et al. 2013; Hu et al. 2013;
Palis et al. 2017; Ma et al. 2017) have studied reservoir landslide
movements and their relationship with influencing factors.
Analyzing the results from the field monitoring data is more
reliable and accurate than results from modeling (physical or
numerical). However, field monitoring is expensive and re-
quires lengthy periods of time to gather data for different
climate and reservoir level conditions.

For landslide-stabilizing pile systems, research has focused on
two aspects: (1) the interaction mechanisms between the piles and
the sliding mass, considering the pile spacing, pile embedment
length, and the rock mass structure of the embedded layer
(Kourkoulis et al. 2011; Guo 2015; Li et al. 2016; Sharafi and
Sojoudi 2016) and (2) the evaluation of the effectiveness of anti-
slide piles under heavy rainfall and reservoir water level fluctua-
tion (Frank and Pouget 2008; Smethurst and Powrie 2007; Wei
et al. 2009).

This paper presents an extension of previous studies of the
Majiagou landslide in the Three Gorges Reservoir area and pre-
sents monitoring results from two instrumented test piles. Based
on field monitoring information, the landslide failure mode was
determined, and the deformation characteristics of the landslide-
stabilizing pile system were analyzed. This research provides
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insight into the long-term stability of landslides stabilized with
piles under reservoir operation.

General settings of Majiagou landslide

Geological setting
The Majiagou landslide is situated on the left bank of the Zhaxi
River, a tributary river of the Yangtze River in Zigui County, Hubei
Province (Fig. 1a, b). The Majiagou landslide was initiated when
the reservoir behind the Three Gorges dam was first impounded in
2003. In plain view, the Majiagou landslide has an approximately
rectangular shape (Fig. 1c) with a length of 537 m and an average
width of about 180 m. The slope surface consists of alternatively
gentle and comparatively steep landforms, with an average slope
of 15°. The sliding direction is 291°, approximately perpendicular to
the Zhaxi River.

Field investigations indicated that main geologic units of the
Majiagou landslide are surficial deposits and sedimentary bed-
rock (Figs. 2 and 5). Exploratory trenching showed that the
surficial deposits are loose gravel soils with a high permeability

(6.4 × 10−4 to 5.0 × 10−3 m/s) (Fig. 3a). The bedrock is weath-
ered interbedded gray sandstone and purple-red mudstone of
the Jurassic Suining Formation with a low permeability (1.3 ×
10−7 to 6.0 × 10−6 m/s) (Fig. 3b). The bedrock dips 12° to 30°
toward 275°, which is roughly the same as the landslide sliding
direction. The purple-red mudstone can be easily softened by
water and has low strength. The average annual rainfall is
approximately 1000 mm. The reservoir water level fluctuates
between an elevation of 145 and 175 m each year. The ground-
water level changes as the reservoir water level fluctuates
(Figs. 5 and 11).

Anti-slide piles and test piles
In 2007, 17 anti-slide piles (18 to 22 m length) were installed at an
elevation of 200 m on the landslide surface to reduce movements.
The sliding zone was determined from geological drilling (25 m
length) and shaft excavation (15 m depth) in 2005 to be located at
the interface between the surficial deposits and the bedrock at a
depth of approximately 12 m. The embedded length of each pile
into the bedrock is 8 to 10 m.
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Fig. 1 Majiagou landslide in the Three Gorges Reservoir area
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Two stabilizing test piles (40 m length) were constructed in
2011 and are located 5.8 m upslope from the previously
installed anti-slide piles. When pilot holes were drilled for
the two test piles, a second slip surface at a depth of approx-
imately 19 m below the surface was discovered. This surface
was located in weak layers within the purple-red mudstone
layer. The nature of this slip surface is discussed later in this
paper.

Cracks
Three cracks were found on the landslide surface. Crack C1
(Fig. 4a) was found in 2003 at the top of the landslide. Crack C2
(Fig. 4b) was found in 2010, within a concrete paved road at an
elevation of 274 m. The strikes of these two cracks are almost
perpendicular to the sliding direction of the landslide. Crack C3
(Fig. 4c, d) was first found in 2009 and formed a gap between the
piles and material upslope of the piles (Figs. 2 and 5). It enlarged
gradually in response to the reservoir water level fluctuations and
rainfall. The location and extension of this crack indicate that the

17 anti-slide piles are sliding together with the lower part of the
landslide.

Monitoring system
An integrated monitoring system was designed and installed dur-
ing the test pile construction. The monitoring system consists of
surface displacement monitoring stations, inclinometers in bore-
holes, water level gauges, and strain gauges mounted to the test
piles (Fig. 6).

Surface displacement monitoring stations
In 2007, five GPS monitoring stations (G01 to G05) were
installed on the landslide surface (Figs. 5 and 6). In 2008,
two additional stations (G12 and G13) were installed at the
top of two piles to monitor pile displacements (Fig. 6). The
monitoring data are available from March 2007 to November
2009.

Fig. 2 Geological map of Majiagou landslide

Fig. 3 Gravel and sandstone exposed by an exploratory trench (a) and interbedded sandstone and mudstone bedrock (b)
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In 2012, three GPS monitoring stations, H01, H02, and H04,
were installed to replace stations G01, G02, and G04, respectively,
and displacement monitoring began in October 2012.

Borehole inclinometer and water level gauges
Inclinometers and water level gauges were installed in a series
of boreholes (Figs. 5 and 6). Inclinometers JC1 (40 m depth)
and JC8 (43 m depth) are located at an elevation of 180 m and
225 m, respectively. Six additional inclinometers are located
around the test piles, at depths of 38 to 40 m. Three water
level gauges were installed at the bottom of inclinometers JC1,
JC3, and JC8. In addition, three inclinometers OFS1 (40 m
depth), OFS2 (28 m depth), and OFS3 (14 m depth) were
installed at an elevation of 170, 248, and 274, respectively, by
Nanjing University (Sun 2015).

Strain-gauged test piles
In each test pile, 26 vibrating wire strain gauges were installed
to measure the longitudinal pile strain. These were installed
as 13 pairs with a vertical spacing of 3 m. The gauges for each
pair were embedded on the front and back surface of the test
pile; thus, they were separated by the 2-m pile thickness (Fig.
6).

Monitoring results

Surface deformations
The movement of the surface monitoring stations and the
rainfall, reservoir water level, and landslide velocity are pre-
sented in Fig. 7. The monitoring results are presented for two
time periods: (a) after the main row of anti-slide piles were
installed (February 2007 to November 2009) and (b) after the
test piles were installed (October 2012 to February 2016). The
reservoir water levels and rainfall data were obtained from
official databases.

Surface deformation before test piles were installed
The cumulative displacement curve in Fig. 7a shows that the
landslide movement increased continuously with time, and the
row of piles was ineffective. During the monitoring period
between 2007 and 2009, GPS monitoring station G01 recorded
the largest average annual deformation at approximately
183 mm/year. Each year, the displacement of G01 shifts cycli-
cally between low (0.1 to 0.5 mm/day) and high rates (0.5 to
2.25 mm/day) of movement in response to the reservoir water
level fluctuation and rainfall. Consequently, the cumulative
displacements curves are stepwise. The acceleration period

Fig. 4 Landslide cracks. a Crack C1 (2009). b Crack C2 (2013). c Crack C3 (2009). d Crack C3 (2013)

Fig. 5 Vertical profile of Majiagou landslide
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almost coincides with the rainy season but lags about
2 months behind the reservoir water level decrease.

The magnitude of the landslide displacements decreased
from the lower monitoring stations to the upper stations.
The two GPS monitoring stations mounted on the anti-slide
piles (G12 and G13) moved faster than other GPS stations on
the landslide surface, which indicates that these piles were
moving forward together with the lower portion of the
landslide.

Surface deformation after test piles were installed
From Fig. 7b, the cumulative displacement curves of the three
GPS stations (H01, H02, and H03) increased linearly from
October 2012 to April 2014 after the test piles were installed.
The velocity of the ground upslope of the test piles remained
low (about 0.10 to 0.25 mm/day) with only a small fluctuation
associated with reservoir water level drawdown and rainfall.
This is due to the combined effect of resistance provided by
the test piles and the lower rainfall in 2013. Over time, this
stabilizing effect was gradually lost. From April 2014 to Feb-
ruary 2015, the displacements rose abruptly twice with two
periods of relatively high landslide velocities. The first peak
with a velocity of 0.40 mm/day occurred in May 2014 and was
caused by the combined effects of reservoir water level draw-
down and rainfall. The second peak with a velocity of
0.53 mm/day occurred in September 2014 and was triggered
by heavy rainfall that lasted for several weeks.

From February 2015 to February 2016, the deformation re-
sponse of the ground upslope of the piles reverted to conditions

that existed before the test piles were installed. The time-series
cumulative displacement curves began to show a stepwise pattern
again.

Inclinometer deformations
Inclinometer data in Fig. 8 shows the presence of three sliding
surfaces labeled S1, S2, and S3. Sliding surface S1 is located at the
boundary between the superficial deposits and the bedrock, and
this surface experienced small deformations. The sliding surface
S2 occurs at a weak layer in the bedrock. It was exposed in the pile
shafts and was detected by the inclinometers around the test piles
at a depth of 19~20 m. It is 31.5 m deep in JC1 and merges with
sliding surface S1 at JC8. The sliding surface S3 occurs in a layer of
soft fractured purple-red mudstone at a depth of 27~29 m. Sliding
surface S3 can also be detected at a 36-m depth in JC1 and a 36.5-m
depth in JC8, where the two inclinometer casings broke in August
2014.

The Majiagou landslide is currently sliding along slip sur-
faces S2 and S3, with the largest shear displacements occur-
ring along S3. The inclinometers around the test piles are still
working and their displacement curves show a BV-shape^
rather than a BP-shape^ of JC1 and JC8, because the shear
resistance provided by these piles has locally limited the
displacements. In addition, the deformation of JC6 downslope
of pile B is larger than of JC4 located upslope of the pile,
which shows that the lower portion of the landslide below the
piles is moving faster.

Time-series plots of displacements of the inclinometer tops are
shown in Fig. 10. Inclinometer JC1 shows that the lower portion of
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Fig. 6 Plan view of Majiagou landslide piles and monitoring system and vertical section of test pile B with monitoring sensors
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Fig. 7 Time-series of rainfall, water level, landslide displacement, and velocity a before test piles installed. b After test piles installed
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the landslide was the fastest moving, and the movement was
affected by changes in the reservoir and rainfall. The time-series
plots of other inclinometers around piles or behind piles are
similar to the GPS monitoring results (Fig. 7b), but there is a
cumulative difference of 203.78 mm between them. The possible
reasons are given in the BDiscussion^ section at the end of this
article.

Test piles strains and deflections
Figure 9a, b shows the measured strain distributions versus depth
at the downslope and upslope sides of the two test piles. The strain
distributions along the two piles are similar. The measured longi-
tudinal strains can be converted into pile deflections using the
theoretical equations below. Equation (1) (Lirer 2012) is based on
standard engineering beam theory. Equation (2) is the relationship
between the curvature of a plane curve and the derivative of the
plane curvilinear equation:

1
ρ
¼ M

EI
¼ εup−εdn

a
ð1Þ

1
ρ
¼ � w

00

1þ w02ð Þ3=2
ð2Þ

where 1/ρ is the curvature of a pile, M is the bending moment, EI is
the flexural rigidity of a pile, εdn and and εup are the longitudinal
strain at the downslope and the upslope sides of the pile, a is the
distance between two gauges, and w is the lateral deflection of a pile.

In Eq. (2), w′ can be ignored because it is much less than 1.
Thus, the deflection w can be computed as follows:

w
00 ¼ εup−εdn

a
ð3Þ

w ¼ ∫dz∫
εup−εdn

a
dz þ C1z þ C2 ð4Þ

where z is the height of a strain gauge from the bottom of a pile
(z = 0 at the pile bottom and z = 40 m at the pile top). The
deflection and the curvature of a pile at the bottom are both
zero, and this means that w = 0 and 1/ρ = 0 when z = 0. With
this boundary condition, Eq. (5) can be used to calculate the
deflection of a pile using the measured longitudinal strains:

w ¼ ∫dz∫
εup−εdn

a
dz ð5Þ

The calculated flexural deflections of the piles are shown in
Fig. 9c, d. The test piles were bent downslope by the landslide
mass moving along sliding surface S3. There is essentially no
pile deflection below a depth of 29 m (pile A) and 27 m (pile
B). The piles experienced their greatest bending over a depth
of approximately 22 to 28 m. The upper 10 to 15 m of the piles
incurred rigid body deflection associated with the bending
motions at greater depths. The deflection displacement of the
top of pile A is 133 mm while that of pile B is 102 mm as of
February 2016. The larger deflection of pile A is consistent with
the measurements taken from inclinometers JC4 and JC5. Fur-
thermore, the depth of largest curvature is near the slip surface
S3.

The time-series of the deflection at the pile tops are plotted in
Fig. 10b. These plots display trends that are similar to the incli-
nometer results (Fig. 10a) and indicate that the test pile deflections
are compatible with the differential movement along the three slip
surfaces.

Groundwater level
The groundwater level changes with reservoir water level (Fig. 11).
Rainfall has little effect on the fluctuation of groundwater level
because the rainfall is less than 300 mm/month.

Fig. 8 Monitoring results from inclinometers
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Due to the high permeability of the surficial deposits and the
short distance between piezometer JC1 and the reservoir, the
groundwater level at JC1 fluctuated synchronously with the
reservoir level. However, the decreases of the groundwater levels
at JC3 and JC8 generally lagged about 2 to 3 months behind the
reservoir water level decreases because of the low permeability
of the bedrock. When the reservoir water level decreases, the lag
in the drop in the groundwater level in the bedrock increases
the hydraulic gradient and dynamic seepage pressure down-
slope, which accelerates the movements along the slip surfaces
in bedrock. The groundwater level fluctuations are helpful to
understand why the deformation response of the middle and

upper parts of the landslide lagged behind the reservoir
drawdown.

Deformation characteristics of the Majiagou landslide with piles

Failure mode of the Majiagou landslide
Based on the field investigations and monitoring results, the loca-
tions of three slip surfaces S1, S2, and S3 were confirmed (Fig. 12).
The failure mode of the Majiagou landslide is controlled by the
weak layers in the bedrock and the reservoir level. The date of
initiation of the movement along these slip surfaces can be esti-
mated from the timing of the reservoir impoundment and the
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b

Fig. 9 Measured strains and deflection of test piles
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appearance of surface cracks (Fig. 13). The sequence of events is
listed below.

1. In June 2003, the reservoir was first impounded to 135 m
(below S1). The lower part of S3 was immersed and softened
in the groundwater. After 3 months, crack C1 appeared, coin-
ciding with the initiation of the slip surface S3.

2. In March 2005, slip surface S1 was found by geological drilling
(25 m length) and shaft excavation (15 m depth). No deeper slip
surfaces and groundwater were found between the surface and
a depth of 25 m.

3. In October 2006, the reservoir was first impounded to 156 m.

4. In January 2007, a row of 17 anti-sliding piles was installed to
treat the slip surface S1. The other slip surfaces and ground-
water were not found in the pile holes.

5. In November 2008, the reservoir was first impounded to
169 m. The front part of S2 which passes through the bottom
of the row of piles was immersed and softened in
groundwater.

6. In June 2009, crack C3 appeared at the end of the reservoir
drawdown. The lower part of slip surface S2 was initiated.

7. In July 2010, crack C2 appeared, and crack C3 enlarged after
the reservoir was drawn down. These indicate that the slip
surface S2 extended upslope to the ground surface.
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Fig. 10 Time-series of a displacement at the top of inclinometers and b deflection at the top of piles
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From this history, the dates of initiation of shear displacements
on S3 and S2 were determined. However, there is no evidence to
estimate when slip along S1 initiated, and it is difficult to deter-
mine the effectiveness of the row of anti-slide piles for stopping
movements along this slip surface.

When the reservoir is drawn down, the lag in the drop in
the groundwater level in the bedrock increases the dynamic
water pressure and accelerates the landslide motion along the
slip surfaces S3 and S2. The rainfall infiltration may increase
the weight of superficial deposits and soften the slip surface
S1. However, now that the landslide is moving along slip
surfaces S3 and S2, the slip surface S1 is relatively stable. This
indicates that the reservoir drawdown has a more important
influence on the deformation of the Majiagou landslide than
rainfall.

Deformation characteristics of landslide with piles
The original row of piles was never able to stabilize the full depth
of the landslide because they were too short, and they were sliding
with the lower portion of the landslide along slip surface S2. The
test piles were long enough to penetrate into the stable bedrock
beneath slip surface S3 and thus provided some resistance for the

upslope portion of the landslide and reduced its deformation
response to reservoir drawdown and rainfall. However, the portion
of the landslide downslope of the piles was still affected by reser-
voir drawdown.

The two test piles are not sufficient to stabilize the overall
landslide motion although they may have reduced movements
for a time. After another cycle of reservoir drawdown and
rainfall, the landslide movement and pile bending increased
and the anti-slide effect of the piles decreased. The deformation
characteristics of the portion of the landslide upslope from the
piles gradually reverted back to seasonal stepwise cumulative
displacements.

Discussion
The reservoir level and rainfall combined to create a yearly
seasonal period of accelerated landslide movement. The peak
rates of landslide movement do not occur when the reservoir
elevation is highest. Instead, they occur 2 to 3 months after
reservoir drawdown begins. This period also typically corre-
sponds to the rainy season at the site. In order to determine
the domain factor, the velocity of G01, and the monthly reser-
voir water level drawdown (2 months ago), and the rainfall

Fig. 12 Deformation and failure mode of Majiagou landslide-stabilizing piles system

Fig. 13 Time-series of reservoir impoundments, appearances of cracks, and engineering measures
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intensity measured from the year 2007 to 2009 were selected as
calculation sequences. Based on the Grey relational analysis
approach (Deng 1989), the correlation between the G01 velocity
and water level drawdown is 0.835 and the correlation between
the G01 velocity and rainfall is 0.727. This indicates that reser-
voir drawdown is the dominant factor with respect to rainfall.
However, the changes in the reservoir level and the rainfall have
different effects on different sliding layers of the landslide.
Moreover, before and after the test piles were installed, the
deformation responses are different too. In this paper, the
different deformation responses of the different parts of the
landslide are described. In a future research paper, the quanti-
tative relationships between reservoir level, rainfall, and defor-
mation of three sliding layers will be studied by data mining
and more in-depth analysis.

Monitoring results show that the GPS displacements for the
ground surface are greater than the cumulative inclinometer
measurements at the same place. This issue has been found in
the field monitoring data of other landslides such as the
Huangtupo landslide (Sun et al. 2016) and the Baijiabao land-
slide (Lu et al. 2016). The first reason may be a loss in measur-
ing range and accuracy due to a distorted installation of the
inclinometers. The second reason may be that there are deeper
slip surfaces below the known surfaces. For these reasons, the
GPS displacements probably capture the real movement of the
landslide. To determine if there are any deeper slip surfaces
below S3 at the Majiagou landslide, longer inclinometers will
be installed in the near future.

Conclusions
The Majiagou landslide was found to experience movements along
three different slip surfaces. The deepest slip surface is the main
sliding surface, and it was initiated by the first impoundment in
2003. An intermediate-depth slip surface was initiated by the
reservoir drawdown in 2009. The shallowest slip surface was found
to be relatively stable under current conditions with the piles
installed.

The deformations of the Majiagou landslide respond to the
reservoir drawdown and rainfall. There is a 2- to 3-months lag
between the reservoir drawdown and the highest movement
rates. This is likely caused by the low permeability of the
bedrock which delays the drop in the groundwater level. The
lag time of the groundwater drops corresponds to the lag
time of the landslide deformation response to reservoir
drawdown.

The portion of the landslide downslope of the test piles is still
affected by the reservoir even with piles. The displacement of the
portion of the landslide upslope of the test piles was partially
resisted by the test piles. However, as the landslide continued to
move and the piles bent, the anti-slide effect of the piles decreased.
The test pile deflections were caused by the differential movement
along the three slip surfaces of the landslide. The deformation of
the landslide-stabilizing pile system reverted to seasonal stepwise
cumulative displacements.

The effect of reservoir drawdown and rainfall creates dynamic
loads on the landslide-stabilizing pile system. Landslide move-
ment can be triggered by the cycles of reservoir drawdown and
rainfall if the sliding resistance provided by the piles is not enough,
although the landslide can be slowed down for a time.
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