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Abstract

Water level change upstream of a reservoir highlights the risk of a landslide-prone area on the banks of a reservoir. This
paper conducted a study on the deformation mechanism of a selected landslide that occurred in the Three Gorges Reservoir
(TGR) after the water level of the reservoir changed. The long-monitored surface deformation of the slide mass revealed
that the deformation of the landslide was related to the water level changes in the reservoir, especially of the change between
flood and floodless seasons. The measured internal lateral displacements in the landslide showed that such a landslide was
characterized by a trail-mode. FLAC>P was adopted to model the landslide by examining the plastic zone, factor of safety,
and the displacement in the x-direction in consideration of four conditions: the natural state of a landslide in the TGR, the
initial impoundment, the subsequent rise of water level, and the drawdown of water level. The numerical results indicated
that the landslide mass tended to be unstable during the initial impoundment; the subsequent rise of water level had a limited
effect on the landslide happening, but the drawdown of water level directly triggered the landslide. The landslide changed
from push-mode to trail-mode. It is strongly recommended that drawdown of the water level in the reservoir be carefully
controlled to mitigate the effect on landslide mass.
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List of symbols Introduction

f;  Stress of a certain point in the soil

o; Maximum principal stress The Three Gorges Project (TGP) on the Yangtze River,
0; Minimum principal stress containing the Three Gorges Dam (TGD) located in Hubei
@ Internal friction angle Province, is the world’s largest hydroelectric project and is
¢ Cohesion regarded as the pivotal project for the impoundment of the
o, Tensile strength of soil TGR (Chai et al. 2009). TGP, which was completed in 2009,
controls 1 million km? of drainage area, and is able to store
39.3 billion m® of water (Deng et al. 2000). Even though
the reservoir significantly mitigates the flood damage in this
region, the fluctuation of its water level increases the risk
of geological hazards (He et al. 2008; Du et al. 2013). The
water level in the TGR region was lifted from an elevation of
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70 m above sea level to 175 m after the TGD was complete.
The water level was lifted to the terminal elevation in three
stages: (1) the water level reached an elevation of 135 m on
10 June, 2003, after the TGR started to receive water on 1
June, 2003; (2) the water level reached 156 m by September,
2006; (3) the water level reached 175 m in 2009 after the
TGP was complete (Luo et al. 2009).

Water level change upstream of the reservoir highlights
the risk of geological hazards on the banks of the reser-
voir. It is reported that landslide risk has become one of the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-019-8779-x&domain=pdf

42 Page2of 14

Environmental Earth Sciences (2020) 79:42

primary geological hazards in the reservoir area of the TGR
(Yin and Peng 2007; Wang et al. 2008; Zhang et al. 2010;
Huang et al. 2012; Xu et al. 2018; Chen et al. 2019; Yu
2019; Bao et al. 2019). Therefore, it is crucial to investigate
the failure mechanism of landslides in the TGR area so as
to assess the stability of landslide mass and/or take feasible
reinforcement measures.

In the past, a number of studies have been conducted to
study the deformation and failure mechanism of landslide
mass, via numerical analysis (Fredlund and Rahardjo 1993;
Tinti et al. 1999; Zaniboni and Tinti 2014), field investiga-
tion (Keefer et al. 1987; Chelli et al. 2006; Matsuura et al.
2013; Singh et al. 2016) and/or field monitoring (Bovis
1990; Picarelli et al. 2000; Petley et al. 2002; Mayoraz and
Vulliet 2002; Sassa et al. 2009; Nguyen et al. 2017; Zhang
et al. 2019). However, the influence of water level change on
stability of landslide mass has not been clearly addressed.
For example, the evolution of plastic zone in landslide body
under the influence of water level fluctuation needs to be
further studied.

In the present paper, a typical landslide on the bank
upstream of TGR reservoir was selected, which occurred
after the impoundment of the TGR in 2003. Based on the
long field measurement, the deformation characteristics of
the landslide with the water level changes were explored.
Accordingly, three-dimensional (3-D) analysis using
FLAC?P was conducted to investigate the failure mechanism
of landslide mass with the fluctuation of water level. Four
cases were considered: the natural state of a landslide in the
TGR, the initial impoundment, the subsequent rise of water
level, and the drawdown of water level.

Geological conditions of the landslide mass

The landslide chosen for this case study is located on the
left bank of the Yangtze River, in Wushan County, Hubei
Province (Fig. 1). The planar shape of the landslide mass
was proximate to a square with a length about 600 m and a
width about 500 m (Fig. 2). The contact zone had an aver-
age thickness of approximately 2 m. The landslide occupied
a mass with an area about 30 x 10* m? and a volume about
1500 x 10* m>. The landslide mass slid along a direction of
150°, nearly perpendicular to the Yangtze River. The eleva-
tions of the landslide changed from 135 to 355 m, indicating
that the landslide had a maximum vertical elevation differ-
ence of 220 m and an average slope angle of 30°. The left
and right sides of the landslide mass were bounded by gul-
lies, the trailing edge was bounded by a scarp, the middle
part and the trailing edge were steep, and movement along
the leading edge of the landslide mass was relatively slow.
The landslide mass comprised two areas, defined as blocks A
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and B due to the difference in susceptibility to deformation
(Fig. 2): the deformation within block A was more signifi-
cant than that in block B.

The landslide mass was loose, consisting of colluvial
and residual silty clay, which was yellow—brown and easily
softened by water. The material also contains about 35%
rubble, which reduces from the surface to the bottom of the
landslide mass, and consists of gray-green silty siltstone of
size 5-10 cm.

The sliding surface was the interface between the loose
accreted body and the underlying bedrock, which had length
of about 600 m, width of about 500 m, dip angle of 30°,
and dip direction of 150°. The sliding surface was of ‘lin-
ear’ shape, and the middle part of the landslide mass was of
‘convex’ shape. The thickness of the contact zone was about
2 m, mainly comprising clay with a small amount of debris.

The bedrock mainly consisted of silty siltstone, gray-
green marlite, and a small amount of magenta mudstone of
the Badong Formation in the Triassic. Generally, the upper
strata were loose materials, while the lower strata were hard
materials. The bedrock was easily weathered due to its low
strength, and it was also prone to softening when moistened.
The dip direction of the bedrock stratum was 290°, which
was opposite to the dip direction of the landslide (Fig. 3).
Such stratum distribution resulted in a frequently happening
landslide in the area of the TGR.

Field measurement of the landslide
Surface displacement

The deformation of the landslide mass has been observed
since the water level of the TGR reached 135 m in 2003. Fig-
ure 4 shows the photos taken on the landslide mass. In 2003,
tensile cracks along the trailing edge, and numerous cracks
on roads built on the middle part of the landslide mass were
observed (Fig. 4a). Cracks increasingly appeared year after
year from 2004 and 2006 (Fig. 4b—d).

The monitoring work of the landslide mass was started
in 2007. Nine monitoring points were installed on the mass
body to monitor the surface displacement by GPS, and their
locations are shown in Fig. 2. Figure 5 shows the accu-
mulative displacement of the monitored points with time.
The measured displacements on block A display a stepped
characteristic with time. The surface displacement suddenly
increased between May and July each year, and gradually
approached to a stable state in the following time.

The landslide mass had appreciable deformation in June
2009 and June 2012. This reason will be explained later. In
addition, the measured results in block A were different from
those in block B. Large vertical deformations were noticed
by WS07-06, WS07-03, WS07-05, and WS07-02 installed
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Fig. 1 Location of the landslide mass

in block A, which increased to a range of 835-994 mm. The
deformations along the front edge (WS07-06, WS07-03)
were greater than those of the middle part of landslide mass
(WSO07-05, WS07-02). The landslide mass deformed along
direction angel between 147° and 155°, which was consist-
ent with the slope direction. However, relatively small defor-
mations by the monitored points in block B were noticed,
with maximum accumulative surface displacement less than
324 mm. The deformation of the landslide mass in block B
is therefore defined as trail-type deformation.

Figure 5 shows the relationship between the surface
accumulative displacement of the landslide mass and the
fluctuation of the water level in the TGR. The surface
displacement sharply increased when the water level of
the TGR dropped rapidly or was relatively low. However,
the surface displacement kept relatively constant when

the water level of the TGR rose or was relatively high.
It is clear that the deformation of the landslide mass was
highly dependent on the water level change: it increased
during the drawdown of the water level and almost kept
constant during the rise of the water level.

Figure 6 shows the relationship between the deforma-
tion rate of the landslide mass and the rate of change of
the water level of the TGR.

The maximal drawdown rate of water level in the res-
ervoir reached 0.31 m/day and 0.41 m/day in 2009 and
2012, respectively, which were the top two rates among
all. Meanwhile, the surface displacement had a sharper
increase in 2009 and 2012 during the monitoring period.
This observation further confirmed that the drawdown rate
of the reservoir water level plays a significant role on the
deformation of the landslide mass.

@ Springer
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Fig.2 Map showing the land-
slide mass used as typical of the

research area

Fig.3 Section along the II-II'
profile of the typical landslide
mass
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Fig.4 Images of surface defor-
mation phenomena
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Internal lateral displacement

Three inclinometer casings (QZK-1, QZK-2, QZK-3) were
installed along the profile II-II' to monitor the internal
lateral displacement of the landslide mass. Figure 2 also
presents the locations of the installed inclinometer casings.

QZK-1 was located on the trailing edge of the landslide
mass, QZK-2 in the middle, and QZK-3 on the front edge.

Figure 7 shows the profiles of the lateral displacements
at times. The influence depths of lateral displacement
were 35, 70, and 60 m in QZK-1, QZK-2, and QZK-3,
respectively. The surface displacement increments from
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Fig.6 Relationship between the
surface accumulative displace-
ment rate and the rate of change
of reservoir water level

(a)

14 1

11

B The rate of the reservoir water level

— The surface accumulative displacement rate

0.8

- 0.6

QZK-1 Depth/m

35

40

45 -

3 3
E £
g 3
2 z
£ F04 5
: :
§ 8 ‘ 0.2 E
e Ml Bl 6
= ]
Z wltlit, wnlll o |I I| T (T | i i, ¢
AU
3 5 5
E L02 S
¢ =
: --04 2
(] 2_ 1<}
£ g
z --0.6 =
E I/\j\l Ll I/\T 1 h T 1 T Ll ‘I/\j 1 YA/I—\I' 1 ] T T LI T 1 E
= MTANDNNOOOWNVOWNIDIDDIDDNDOOOO - == N AN ANANMOMOMMNOHM =
AR QQ QO ddddadddddddddddl g
LESEE S SER R SRR EE RN F LRI S5
Time
The lateral accumulative
The lateral accumulative (b) The lateral accumulative (c) displacement/mm
displacement/mm displacement/mm 0 50 100 150 200 250
I I L S L L T e e
5 < 57 ,‘f
* /
10 7/ 10 |
15 7 g 15
20 7
] , 20 1
g ¥ E
f K = 257
S 30 £
[ 357 3 307
D n
& 40 Y
N J
N 35
© - [ 20071714 o +2007/1/14
y =2007/12/14 401 =2007/12/14
507 + 2008/12/15 + 2008/12/15
557 +2009/12/10 45 1 +2009/12/10
*2007/1/14 =2007/12/14 0 «2010/12/20 *2010/12/20
‘ = 2011/12/16 507 = 2011/12/16
. +2009/12/10
2008/12/15 651 *2012/12/17 551 =2012/12/17
*2010/12/20 = 2011/12/16 20 | +2013/12/15 «2013/12/15
«2012/12/17 - 2013/12/15 75 60

Fig. 7 Relationship between internal accumulative displacement and depth in boreholes

2007 to 2013 were 57, 161, and 216 mm in QZK-1,
QZK-2, and QZK-3, respectively. The profiles of the lat-
eral displacement in the middle part and the front edge
were larger than that in the trailing edge. The lateral
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displacement developed with a relative small rate from
2007 to 2011, but significantly increased in the follow-
ing times. It is indicated the motion of the landslide was

featured by trail mode.
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Flu-solid coupling-based 3-D numerical
analysis

Model establishment

Flu-solid coupling-based 3-D numerical model of the land-
slide was established using FLAC?P to further investigate
the influence of water level change on stability of landslide.
Figure 8 shows the meshes of the 3-D numerical model.
The 3-D geological model was first established using the
ANSYS software, and then used in the FLAC?P software.
The geological model consisted of 343,829 grid points and
71,627 elements. The bottom boundary was fixed in all three
directions (i.e., x, y, and z directions) and the fourth side
boundary was only allowed to have in-plane displacement.

In the flu-solid coupling analysis, the rock-soil mass
was regarded as porous medium and the fluid flow in pore
medium satisfied both the Fourier-Biot equation and Dar-
cy’s law. During analysis, the seepage program module was
used first to generate seepage field, and then the stress field
program module was used to generate the initial in situ stress
field. The obtained seepage field and initial in situ stress
field were combined to carry out flu-solid coupling analy-
sis. After the interactive iteration of two modules, the stress

Landslidemass

Bedrock

Fig.8 3D numerical calculation model of landslide mass region

Table 1 Numerical calculation parameters

field and the seepage field were obtained under double-field
convergence.

The profile II-II’ consisting of three lateral displacement
profiles ZK-1, ZK-2, and ZK-3 was built to track develop-
ment of the internal deformation in the landslide mass. The
selected profiles had the same positions with the profile
II-II" and the inclinometer casings QZK-1, QZK-2, and
QZK-3 in Fig. 2.

Material parameters

In the numerical analysis, the bedrock and the landslide mass
were modeled as linearly elastic to perfectly plastic materials
with the Mohr—Coulomb failure criteria. The contact zone
between the landslide mass and the bedrock was modeled
using strain softening model, in which the strength reduces
to residual strength after reaching peak strength. Table 1
lists the material parameters used in the numerical model.
The parameters of the landslide mass were determined from
the laboratory and field tests. The contact surface between
the slip zone and the bedrock was set as an impermeable
boundary and the seepage in the bedrock was not considered
(Fig. 9).

Model validation

As shown in Fig. 10, the groundwater level of the ground-
water level monitoring hole SZK1 at the trailing edge of
the landslide fluctuates between 255.36 and 255.83 m when
the reservoir water level drops from 175 to 145 m, which is
less affected by fluctuations of reservoir water level. So, it
is established that the groundwater level height 255.5 m at
SZK1’s position is set to the constant head boundary in the
numerical model.

When the initial reservoir water level of the model is
135 m, the initial seepage field is obtained by the bound-
ary conditions set by the model, as shown in Fig. 11. As
shown in Table 2, the calculative height of the groundwater
level in the seepage field is basically consistent with the
actual height of the groundwater level of on-site monitoring
by comparing the groundwater level of the seepage field
of the groundwater monitoring holes SZK1, SZK2, and
SZK3 calculated by the numerical simulation to the actual

Materials Unit weight  Elastic Poisson ratio Friction angle ¢ (°) Cohesion ¢ (MP,) Penetration coef- Porosity
(kN/m®) modulus ficient (m%/Pa s)
(GP,) Natural state Saturated state Natural state Saturated state
Landslide mass 22.7 0.85 0.29 20 0.2 0.11 7x 107! 0.35
Contact zone 21.7 0.75 0.31 18 0.1 0.06 9x 107" 0.40
Bedrock 27.0 4.00 0.18 40 2.0 - - -
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Fig. 9 Monitoring section and
position of simulated inclinom-
eters
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Table 2 Comparison of the
actual height of the groundwater hole
level of on-site monitoring
and the calculative height of
the groundwater level in the
seepage field of groundwater

The on-site groundwater monitoring

The actual height of the groundwater
level of on-site monitoring when the
reservoir water level is 135 m/m

The calculative height
of the groundwater
level in the seepage
field when the reservoir
water level is 135 m/m

level monitoring holes SZK1, S7ZK1

SZK2, and SZK3 at the water

level of 135 m SZK2
SZK3

255.50 255.50
203.56 203.52
171.21 171.23
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Fig. 12 Comparison of the lateral cumulative displacement incre-
ments of SZK1, SZK2, and SZK3 and the lateral cumulative dis-
placement of ZK1, ZK2, and ZK3

groundwater level monitoring data of the three boreholes at
the reservoir water level of 135 m.

Figure 12 shows that the lateral cumulative displacement
increments of SZK1, SZK?2, and SZK3 when the actual res-
ervoir water level drops from 175 to 145 m from January
to June 2009 are coincident nearly to the lateral cumulative
displacement of ZK1, ZK2, and ZK3 when the reservoir

water level drops from 175 to 145 m and the influence depths
of lateral displacement is basically same.

Numerical results and analysis

After the TGR was complete, the water level changed from
145 m and back and forth to a terminal level of 175 m. In
order to investigate the influence of water level change in
the reservoir on the stability of landslide mass, four cases
were considered: when the reservoir was not impounded, the
water level was 135 m (labeled as Case I), and then the res-
ervoir began to impound, increasing the water level to 145 m
(labeled as Case II), after that the water level increased to
175 m with a rate of 1.0 m/day (labeled as Case III), finally
the water level dropped to 145 m with a rate of 1.0 m/day
(labeled as Case IV).

Plastic zone of landslide mass

Figure 13a shows the plastic zone of the landslide mass in
Case I when the reservoir has not been impounded. Only
small local zone generated plasticity with a factor of safety
of 1.68, indicating that the entire landslide mass was stable.

Figure 13b shows the plastic zone of the landslide mass
in Case II. After the water level rose by 10 m, the plastic
zone was largely extended from the front edge to the middle
part of landslide mass. The shear opening of the landslide
mass was below the reservoir water level; the front edge of
landslide mass has a declining trend, and the trailing edge
is in tension during the initial impoundment of the reservoir
(water level of 145 m). Rising water level during the ini-
tial impoundment made the rock-soil mass that immerged
into the water softened, especially of the contact zone. As
a result, the strength of the landslide mass in the front edge
reduced, leading to the landslide mass moving to an unstable
state with the factor of safety reducing to 1.23. In reality,
the rising water level enlarged the free face of the landslide
mass as the front edge was easily washed out by water after
it was saturated. In addition, the impoundment of the res-
ervoir reduced the weight of the landslide mass below the
water level because of buoyancy, which reduced the weight
resistance against slope failure in the front edge.

@ Springer
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Fig. 13 Distribution of the plastic zone of a landslide mass at the different reservoir levels

Figure 13c shows the plastic zone of the landslide mass
after the water level rose to 175 m (i.e., Case III). The
plastic zone was further developed towards the trailing
edge. The plastic zone in the front edge developed in Case
III disappeared, but the landslide mass in the middle part,
which was below the water level, generated some plas-
tic zone. A change that mainly results from the level of
groundwater rising as the water level rises which leads to
further softening of the middle part of landslide mass and
the sliding zone. The sliding of the front edge of landslide
mass is obstructed due to the large hydrostatic pressure
produced by the rise of the TGR water level pressing into
the bottom of the landslide mass, which results in the plas-
tic zone of the landslide mass being mainly concentrated
in the middle part and the trailing edge of the landslide
mass.

It can be seen that further rises of water level are adverse
to the stability of the trailing edge of the landslide but
favorable to the stability of the front edge of the landslide
mass, and have little effect on the overall stability of the
landslide mass. After the TGR was impounded to its maxi-
mum water level of 175 m, the trailing edge and the middle
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part of the landslide might have been locally unstable, and
the front edge of the landslide mass relatively stable.

Overall, the stability of the landslide mass had limited
change when the water level rose to 175 m as the factor of
safety changed from 1.28 in Case III to 1.30.

Figure 13d shows the plastic zone of the landslide mass
in Case IV after the water level sank rapidly to 145 m. There
was an almost complete plastic zone passing through the
landslide mass.

The change is mainly resulted from the decline of the
groundwater level line lags behind the drawdown of the
water level, the hydrostatic pressure in the middle part of
the landslide mass disappears, which leads the directions of
the excess pore water pressures and the penetration forces
inside of the landslide to point outward of landslide mass,
the generation of the trailing force pointing outside of land-
slide mass is very unfavorable to the stability of the landslide
mass. So, the sudden drawdown of the TGR water level will
obviously destabilize the landslide mass, causing the factor
of safety of the landslide mass to reach a critical value, and
finally leading to a catastrophic failure of the whole land-
slide mass (Fig. 14).
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Fig. 14 Variation of the factor of safety under the different conditions

Lateral displacement

Figure 15 shows the lateral displacement profiles of ZK-1,
ZK-2, and ZK-3 of Cases III and IV. The water level fluctua-
tion had a significant influence on lateral displacement of the
landslide mass. When the water level rose to 175 m, the total
lateral displacement at ZK-1 was larger than that at ZK-2
and ZK-3 even though the magnitudes were small, indicat-
ing that the trailing edge slid more significantly than the
front edge. Appreciable lateral displacement occurred and
the lateral displacement at ZK-3 exceeded that at ZK-1 and
ZK-2 with the water level dropping to 145 m, which means
that the front edge slid more significantly than the trailing
edge. It can also be seen that the sharp variation of lateral
displacement of ZK-1, ZK-2, and ZK-3 happened near the
depth of 35, 70, and 60 m, respectively, which is consistent
with the position of plastic zone shown in Fig. 13d. The fac-
tor of safety of 1.07 indicates that the landslide mass closely
reached its limit state under this condition.

From the above analysis, it is evidently shown that the
water level change, whether up or down, had a significant
reduction of stability of the landslide mass, especially the
sudden drawdown. Given the current position of the reser-
voir and field observations, a sudden change in water level
shall be strictly managed.

Landslide mode

To explore how the sliding mode varies with changes in
the TGR water level, we have analyzed the displacement
contours in the X-direction of the landslide under the four
conditions (Fig. 16). It can be seen that the deformation of
the landslide mass is mainly concentrated in the trailing edge
of the landslide mass, the tension destruction is the main
failure mode, and there is a transitive developmental char-
acteristic of the push-type landslide that deforms from the

The lateral accumulative
displacement/mm
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1 1 1 1 1 1

a1 1
U

The driling depth/m
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Fig. 15 The increase of the internal accumulative displacement of the
simulated inclinometers

trailing edge to the front edge in condition I. The deforma-
tion of landslide mass shifts from the trailing edge to the
front edge and the sliding mode shifts from the push-type
landslide to the trail-type landslide because the front edge
of landslide mass is influenced by the softening, and the sus-
pension and weight loss, effects of water after impoundment
(conditions II, III, and IV). It can be seen that the front part
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Fig. 16 The X-direction displacement contour before and after the impoundment
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Fig. 17 The X-direction maximum displacement under the four con-
ditions

of the landslide mass will be key to overall stability after the
impoundment of the TGR region and should be considered
in the process of monitoring and managing landslide risks.

Through analysis of the variation of the X-direction maxi-
mum displacement of the landslide mass (Fig. 17), we can
conclude the following about the maximum displacement:
first, displacement is 4.20 cm and the deformation is located
along the trailing edge of the landslide if the reservoir is not

@ Springer

impounded (condition I); second, displacement is 3.60 cm,
as the water level rises to 145 m (condition II); third, dis-
placement is 3.44 cm (condition III) and has a low angle of
declination of 4.4% compared with condition II, which is
consistent with the increase of factors of safety from condi-
tion II to condition III shown in Fig. 14. Furthermore, we
deduce that the sliding of the front edge of landslide mass is
obstructed due to the large hydrostatic pressure produced by
the rise of the TGR water level pressing into the bottom of
the landslide mass. The X-direction maximum displacement
of the landslide mass suddenly declines to reach 6.90 cm as
the reservoir water level changes from 175 to 145 m (condi-
tion IV), which is an increase of just over 100% compared
with condition II, which is consistent with the changes in
the factors of safety between condition II and condition III
shown in Fig. 14. The trailing force generated towards the
outside of the landslide mass is generated by the forces cre-
ated from excess pore water pressure and penetration.

We conclude that the impoundment of reservoir water
has a significant impact on the sliding mode of a landslide:
a landslide usually belongs to the push type before impound-
ment but then becomes a trail type after impoundment
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Fig. 18 Variation of sliding modes of landslides with impoundment
of the TGR

(Fig. 18). Our observations here further add to our previous
conclusion that a sudden drawdown of water level in the
reservoir has a much greater impact upon the stability of a
landslide mass than a rise of water level.

Discussion

The internal causes of deformation of any landslide mass will
be due to the nature of the particular terrain, the stratigraphic
lithology, and the geological structure of the landslide mass.

There is a possibility of producing a landslide if there is a
slope. The landslide mass in our study is situated on a slope
of the left bank of Yangtze River. Its front and trailing edges
are steep, its middle part is gradual, and the average slope
angle is about 25°. The planar shape of the landslide mass
approximates to a square, the left and right sides of which
are bounded by gullies, the trailing edge by a steep wall,
all of which indicate that the free surface conditions of the
slope is good. These terrain conditions are conducive to the
formation and development of a landslide mass.

The occurrence of a landslide is mainly controlled by
‘slippery’ strata, such as layered strata containing planes of
weakness and weak intercalation zones. In the TGR, land-
slide masses develop within the strata of the Badong For-
mation that are considered to be among the ‘easiest sliding
strata’ in China (which means that landslides occur most fre-
quently in these strata) due to their special geological setting
and low strength (Fig. 3). The weak strata in the landslide
region are the basic reason for the occurrence of deformation
and failure of landslide masses in the region. Weak interca-
lation in the lower part of the landslide mass causes creep
deformation under the force of gravity, which pulls the upper
rock—soil mass, generating tensile deformation and gradually
leading to large-scale sliding deformation.

In addition, numerous cracks have developed due to the
influence of the regional geography, providing a cut surface
for the formation of a landslide mass. The fact that there is a
gently inclined structural plane inclined towards the outside
of the landslide mass creates ideal conditions for a bottom
sliding surface. In summary, these geological factors control
the formation and development of landslides.

The fluctuation of reservoir water level causes the seep-
age field inside the bank slope to change significantly, which
leads to changes in the stability of the bank slope. According
to field survey data, the landslide that is the subject of our
study continued to deform from 2007 to 2013, with surface
cracks appearing in many places. The monitoring data of
surface displacement showed that the deformation of the
landslide increased sharply when water levels in the TGR
declined rapidly, while the deformation was relatively small
when the water level of the reservoir rose. We have veri-
fied using a FLAC®P numerical calculation that the rise of
reservoir water level had little impact on the stability of the
landslide, while the decline of reservoir water destabilized
the landslide. The impact of drawdown of reservoir water
level on landslide stability is greater than that of reservoir
water level rise.

The fluctuation of reservoir water level causes adverse
changes in the physical and mechanical properties of the
rock—soil mass within the landslide; the water content of the
mass changes with the rise and drawdown of the reservoir
water level, which changes the structure of the mass and
causes imbalances within its soil particles, water molecules,
and ions, leading to decrease in strength and increase of com-
pressibility of the mass. The rapid rise of reservoir water level
has a number of effects: it increases the submerged area of the
landslide, it reduces the effective stress on the sliding surface
and the strength of the sliding zone, it causes the bonding
force and friction coefficient between particles in the land-
slide to decrease, and it weakens the stability of the landslide.
Rapid rise and drawdown of the reservoir water level will
bring adverse changes to the seepage field in the landslide;
the seepage of groundwater causes dissolution and filtration
within the landslide, and causes the physical and mechanical
properties of the rock—soil mass to change adversely.

When the fast drawdown of the TGR water level, the
lower the TGR water level, the higher the groundwater head
above the landslide. Thus, the groundwater head component
along the failure surface of the landslide is counterbalanced
only by attrition. The fact that the groundwater level remains
practically stable proves that the hydraulic conductivity of
the landslide toe is very low, and its drainage is insignificant.
The groundwater of the landslide lags behind the reservoir
water level. Because the groundwater infiltrates the land sur-
face, and the water level inside the landslide remains high
during drawdown of the reservoir water level, which leads
to the formation of excess pore water pressure. The ground-
water of the landslide mass is then discharged towards the
outside of the landslide mass, generating seepage pressure
points to the outside of the mass. During rapid drawdown
of the reservoir water level, in addition to the osmotic pres-
sure acting towards the outside of the sliding body, higher
hydrodynamic pressure will also arise, which acts upon the
soil particles, creating further instability within landslide.
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Conclusions

1. Based on field monitoring data, the typical landslide
mass has a stepped characteristic that reflects the change
of the TGR water level. Deformation is significantly
increased in the flood season, and is slow in the non-
flood season. The drawdown of the reservoir water level
is key to the stability of the landslide mass. There is a
tendency for whole motion above the sliding zone of the
landslide mass and internal deformation of the middle
part and the front edge of landslide mass is strong.

2. Following analysis of the results of the numerical simu-
lation, we have discussed the plastic zone distribution,
the factors of safety and the X-direction maximum dis-
placement of the landslide under four different con-
ditions. The stability of the landslide mass is most at
risk when the TGR water level varies between 175 and
145 m.

3. The sliding mode of a landslide will change from the
push type to the trail type due to the effects of different
hydrological environments and engineering geologi-
cal conditions after the impoundment of the TGR. The
dynamic water pressure generated by the drawdown of
TGR water is the main reason for deformation of the
landslide mass.
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