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Abstract: The southwest alpine gorge region is the major state base of hydropower energy development in China and hence planned
many cascading hydropower stations. After the reservoir impoundment, the intense water level fluctuations under the interaction of cas-
cade dams operating and the mountainous flooding, usually cause bank collapse, landslide and debris flow hazards. The Xiaowan reser-
voir (XWR), for example, as the ‘dragon head” meg reservoir located in the middle mainstream of Lancang River, have resulted in a
series of geohazards during its building and operating. In this study, we investigated the number and surface area of collapses and land-
slides (CLs) occurred in the water level fluctuations zone (WLFZ) of XWR using remote sensing images of Gaofen-1 and Google Earth;
evaluated the CLs susceptibility using information value method. The results presented that the total WLFZ area of 87.03 km” and 804
CLs masses with a total area of 1.98 km?” were identified in the riparian zone of XWR. CLs mainly occurred at an elevation of
1190-1240 m, and the CLs density increased with an increase in altitude. The WLFZ with a slope gradient of 25°— 45° is the main CLs
distribution area that accounts for more than half of the total CLs area. The susceptibility assessment revealed that high and very high
susceptibility zones are generally distributed along zones with an elevation of 1210-1240 m, a slope degree of 25°—45° and a slope as-
pect perpendicular to the direction of Lancang River. Furthermore, these susceptible zones are close in distance to the dam site and tend
to be in the riparian zones with the formation lithology of Silurian strata. These results provide a valuable contribution to prevent and
control geohazards in the XWR area. Moreover, this study offers a constructive sample of geohazards assessment in the riparian zone of
large reservoirs throughout the mountains of southwest China.
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1 Introduction

As more and more large dams have been constructed on
mountainous rivers to satisfy the world’s growing en-
ergy demand, bank erosion has become a major concern
subsequent to the reservoir impoundment (Cyberski,
1973; Chai, 1996; Fu et al., 2010; Butt et al., 2011; Xu
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et al., 2013; Bao et al., 2015; Tang et al., 2016; Zhong et
al., 2016; Su et al., 2017). Bank erosion, including land-
slide and bank collapse, occurs within the littoral zone
of reservoir directly damage the hydraulic structures
(Wang et al., 2007; Alimohammadlou et al., 2013). Spe-
cifically, large rock-soil masses fall into the reservoir at
high-speed cause surges and thus seriously threaten the
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safe operation of the dam, as well as the lives and prop-
erty of people around the reservoir (Song et al., 2015;
Jiang et al., 2016). Furthermore, the rock-soil masses
discharged into the reservoir leads to sedimentation and
consequential decrease in the dam’s effective storage
capacity (Jiang et al., 2016). One of the most catastro-
phic bank failures on record was the disastrous landslide
of the Vaiont Reservoir on the Piave River, Italy, in
1963, which caused deadly consequences with more
than 2000 fatalities (Barla and Paronuzzi, 2013). Sub-
sequent to the Vaiont landslide disaster, the impact of
reservoir impoundment on bank stability has been
widely investigated and acknowledged (Fujita, 1977;
Saint-Laurent et al., 2001; Zhang et al., 2006; Wang and
Yan, 2007; Luo et al., 2008; Paronuzzi et al., 2013; Jo-
hansson and Edeskér, 2014; Yang et al., 2014; Xia et al.,
2015; Kaczmarek et al., 2016; Sun et al., 2017a; 2017b).
It is evident that the construction of water conservancy
projects and reservoir impoundment are critical factors
that cause collapses and landslides (CLs), therefore the
geohazards in any reservoir area pose an important
threat to the productive life and the safe operation of the
reservoir (Paronuzzi and Bolla, 2012; Xia et al., 2013;
Yuan et al., 2013; Song et al., 2015; Babanouri and
Dehghani, 2017; Zhou et al., 2017). In general, bank
erosion is mainly caused by natural factors, such as
heavy rainfall and earthquakes, anthropogenic activities,
such as deforestation, road operation, mining and con-
struction (Iverson, 2000; Pradhan and Lee, 2010; Xu et
al., 2012; Alimohammadlou et al., 2013; Duan et al.,
2016). However, the failure of the bank in a reservoir is
mainly caused by the periodic alternation of drying and
wetting of the riparian zone, according to water level
regulations (Xia et al., 2013; Johansson and Edeskdr,
2014; Wang et al., 2014; Yang et al., 2014; Jiang et al.,
2016; Sun et al., 2017b). With the impoundment of the
reservoir, the potential sliding surface at the bottom of
the rock slope is softened or muddied along with the
rising groundwater level, increase pore water pressure
and subsequently decrease the bank’s sheer strength
(Fujita, 1977; Yan et al., 2010; Xia et al., 2015). Mean-
while, the changed pore pressure and surface water
pressure because of the water level fluctuations (WLFs)
together with the decreasing shear strength of the
rock-soil body further affect the bank stability (Liao et
al., 2005; Luo et al., 2008; Jia et al., 2009). These fac-
tors contribute to a decrease in slope stability after res-

ervoir impoundment, particularly when there is rapid
drawdown in the water level, which ultimately results in
bank failures (Xia et al., 2015). In addition, after the
reservoir operation, existing vegetation in the riparian
zone starts to decay and the root systems decompose,
eliminating the soil consolidation. These factors coupled
with the wave scouring bank toe induced by wind and
shipping, the riparian zone has thus been noted to easily
generate geological disasters in particular regarding
bank collapses and landslides (Liao et al., 2005; Wang
and Yan, 2007; Zhou et al., 2010; Bao et al., 2011, 2015;
Wu et al., 2013).

In China, to meet the growing demand of energy
consumption, and to alleviate air pollution and mitigate
the effects of global climate change, the pace of hydro-
power development accelerated in recent years (Chang
et al., 2010; Tang et al., 2013; 2017). Meanwhile, with
the increasing number of large hydropower stations, the
geohazards along the reservoir area have become a wide
concern and many investigations have been conducted
into bank failures related to WLFs during the operation
of a reservoir. Among these projects, the Three Gorges
Project has attracted the most consideration. The im-
poundment of the Three Gorges Reservoir (TGR)
caused many geological hazards around the reservoir
area, especially landslides and bank collapses, leading to
numerous assessment reports about hazards susceptibil-
ity and bank stability analyses (Wu et al., 2001; 2004;
Zhou et al., 2010; Huang et al., 2012; Xia et al., 2013;
Wang et al., 2014; Chen et al., 2015a; 2016). Nonethe-
less, most investigations were limited to a single land-
slide or specific bank segment, studies regarding the
entire reservoir have not been considered. Actually,
most of the collapses and all the fronts of landslides oc-
curred in the zone of reservoir inundation, where is most
intensively disturbed by water level regulation. This
area is also known as the water-level-fluctuating zone
(WLFZ), which refers to the area along the reservoir
bank that is limited by the maximum and minimum wa-
ter levels (Tang et al., 2014; Bao et al., 2015). Thus, the
WLFZ is defined as a unique geomorphic unit which is
formed by long-term alternating periods of being either
flooded or dry, according to the reservoir’s water level
regulation (Bao et al., 2015). There is currently still a
lack of research on geohazards in the WLFZ, although
some researchers have reported the geohazards along
the WLFZ of the TGR.
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The Xiaowan Reservoir (XWR) is the first ‘dragon
head’ reservoir of the cascade hydropower dams in
mainstream of Lancang River (LCR). Since the full im-
poundment in 2012, an artificial riparian zone with a
vertical height of 60 m has been created in XWR. The
comprehensive actions of periodical submersion and
exposure, as well as the local mountainous flooding
have caused severe soil erosion and ecological degrada-
tion triggering the unstable steep bank to become prone
to collapses and landslides. Such eco-environmental
changes and subsequent rise in the potential for geo-
logical disasters threaten the safety of lives and property
around the reservoir area as well as the safe operation of
the Xiaowan Dam (XWD). These problems have gar-
nered high attention from the reservoir management
department and local government. Thus, scientific re-
search into the eco-environmental degradation in the
riparian zone of the XWR is required. Owing to the
complicated terrain and sparse population, attention and
research related to the XWR is particularly limited. Re-
cently, some scholars have explored the bank collapse
pattern and mechanism (Li, 2011; Wu, 2011), bank sta-
bility (Liu et al., 2011; Li, 2012), and the landslide and
its potential harm along the XWR (Wang, 2012). How-
ever, these investigations have focused on a single haz-
ard point or specific hazard incident without regard for
the reservoir in its entirety and the potential for geo-
logical disaster in the WLFZ.

This study evaluated the spatial distribution of WLFZ
and susceptibility of CLs along the entire riparian zone
in the XWR using the information value method. This
work aims to provide some reference for geological dis-
aster prevention and control along the riparian zone of
the XWR. Moreover, this study will help to provide
profound insights into the research and management of
the other large reservoirs in the southwest alpine gorge
region of China.

2 Methods

2.1 Study area

The Xiaowan dam is located in 1.5 km downstream of
the junction between the mainstream of LCR and Heihui
River (HHR), downstream of the Gongguoqiao dam and
upstream of the Manwan dam (Fig. 1). The Xiaowan
project construction started in October 2004 and filling
began in December 2008, it become the second largest

power station in the planned cascading hydropower
dams of the Lancang River Basin (LCRB), with an
installed capacity of 4200 MW and characterized by
respective crest length of 892.8 m and dam height of
294.5 m. The longest backwater length of the LCR and
HHR is 179.6 km and 125.3 km, respectively. The total
storage capacity of XWR is about 150 x 10° m® with a
normal water level of 1240 m; its regulated storage
capacity is 99 x 10° m’, depending on seasonal dis-
charge regulations (Chen et al., 2015c). The XWR
covers an area of 189.1 km® over eight districts and is
mainly distributed in Fengqing, Changning, Longyang
and Nanjian counties. The elevation of mountains sur-
rounding the reservoir is above 2200 m. The regional
climate is semi-tropical monsoon, with an annual pre-
cipitation of 770 mm to 1330 mm and annual average
temperature ranging between 14.3°C to 19°C (Wu et
al., 2014).

2.2 Dataset

In this study, a digital elevation model (DEM) with 10
m spatial resolution of the XWR provided by Huaneng
Lancang River Hydropower Co., Ltd, was used to ex-
tract the WLFZ distribution. The Gaofen-1 Landsat im-
age, with 8 m spatial resolution for panchromatic and 16
m spatial resolution for multi-spectral imaging (April
2014) covering the total XWR area, was used to distin-
guish CLs points. In addition, a DEM with 30 m spatial
resolution of Yunnan Province was created to ascertain
the watershed boundary and stream networks of the
XWR. DEM and Landsat images were projected using
the UTM WGS 84 zones, 47°N. We also used Google
Earth images (dated April 2014) to discern the positions
of CLs.

2.3 Identification of water-level-fluctuating zone and
collapses and landslides of the Xiaowan Reservoir
2.3.1 WLFZ and CLs identification

The XWR has comprehensive benefits such as flooding
control, sediment trapping and navigation, although it is
mainly utilized for power generation. According to the
annual operation program of the XWR, a typical hydro-
logical year consists of five stages: 1) the water level
drops gradually from 1240 m to 1180-1186 m during
January to March due to drought and in order to drain
the reservoir; 2) the water level is maintained at an ap-
proximately constant minimum level of 1180 m from
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Fig. 1 Location of the Xiaowan dam and the Xiaowan Reservoir in the Lancang River (LCRB, Lanchang River Basin)

April to May to discharge the muddy water; 3) the res-
ervoir is operated to control the water level at lower than
1232 m for flood control during June to mid-September,
and raised to between 1232 m to 1240 m during
mid-September to late October; and 5) the reservoir is
fully impounded with a constant maximum level of ap-
proximately 1240 m during November to December
(Fig. 2). Consequently, over the years, an artificial ri-
parian zone with a vertical height of 60 m has been cre-
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ated. Owing to the changes in the river’s longitudinal
elevation, the vertical height of the WLFZ gradually
decreases from the dam site to the terminal of the back-
water, which is the natural river channel. In present
study, we used the DEM of the XWR with 10 m resolu-
tion to extract the WLFZ. The highest and the lowest
water level elevations remained 1240 m and 1180 m
respectively. Furthermore, the projection areas of the
WLEFZ in different ranges were calculated.

Fig. 2 Water level regulation and the water-level-fluctuating zone in the Xiaowan Reservoir
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Meanwhile, the GF-1 and Google Earth images
along the XWR were used to investigate the CLs occur-
ring in the riparian zone. The CLs masses were identi-
fied using the image features exhibited in Table 1 and
checked with the actual CLs data from the field inves-

Table 1 The image characteristics of bank failure and landslide

tigation of bank erosion from May to June in 2015 and
2016. It is important to note that the CLs investigated in
the present study include the masses whose backscarps
were located upland of the WLFZ but whose fronts
were in the riparian zone (Fig. 3).

Interpreting marks

Image features

Example

Structure of rock and soil A loose perturbation of rock-soil block is often seen on the bank; the rock-soil layer and
the attitude of rock are not continuous with the surrounding rock-soil.

Geomorphic features

Boundary features

are bound by cracks or gullies; the front edges display ligule protuberances, usually a

small collapse or rock pile.

Vegetation cover
vegetation.

The shape of the slope is often a horseshoe or round-backed armchair; the front platform
of bank is wide owing to having been flattened and there is a subsidence phenomenon
with a high trailing edge on a steep wall. There are often multistage staggered platforms
with developed surface fractures, and deep cuts of natural dissected valleys on both
sides, sometimes dissecting the valleys’ consanguinity.

In the trailing edge of the steep wall, there is a mark along the direct slope; the two sides

The slope is bare or with sparse vegetation, significantly different from the surrounding

2.3.2 Calculations of WLFZ and CLs spatial distri-
bution

CLs density, which refers to the ratio of the area of CLs
to the area of the WLFZ, was calculated at different spa-
tial classes and factors. Generally, CLs is influenced by
many environmental and man-made factors, such as
lithology, elevations, slope gradients, slope aspects, and
climate (Dai and Lee 2002; Lee and Sambath, 2006;
Park 2010; Yilmaz 2010; Yalcin et al. 2011; Xu et
al.2012; Guo et al. 2015). In this investigation, the area
of WLFZ and CLs distributed in different elevations,
slope gradients, slope aspects, and distances to dam site

were analyzed based on the DEM and Remote images.
The elevation was divided into six classes with 10 m
intervals from 1180 m to 1240 m. The slope gradient
was divided into five classes, specifically, gentle slope
(0°-15°), moderately steep slope (15°-30°), steep slope
(25°-35°), high steep slope (35°—45°) and cliff (>45°).
The slope direction also has important influence on the
occurrence of CLs. The slope direction was classified as
Flat (F), North (N), NE (Northeast), E (East), SE
(Southeast), S (South), SW (Southwest), W (West) and
NW (Northwest). Distance to dam site is another im-
portant factor as along the river, longitudinally from the
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Fig.3 Examples of landslides (a, b, ¢, d; Yellow dotted line represents the trailing edge of landslide) and collapses (e, f, g, h, 1, j) in the

riparian zone of the Xiaowan Reservoir

tail to the head of the reservoir, the range of WLFs
change according to the reduction of channel elevation.
Distance to dam was classified 10 km apart.

Many methods have been used for geological hazard

susceptibility assessments and mapping (Pardeshi et al.,
2013). In this study, we selected the information value
method (IVM) for the CLs susceptibility assessment.
IVM is an indirect bivariate statistical approach that is
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fit for assessing the geological hazards susceptibility in
an objective manner, and it offers extensive application
for geological disaster assessment (Wu et al., 2001; Wu
et al., 2004; Chen et al., 2016; Ba et al., 2017; Du et al.,
2017). Specifically, the IVM is used to calculate the ra-
tio between the weight of each class of factor layer of
CLs density or area for each subclass to the total CLs
density or area in a specific region (Du et al., 2017). In
general, CLs will possibly occur in those sites which
have the same conditions as those where such hazards
occurred previously (Lee and Pradhan, 2006). Thus, we
used the IVM to estimate the spatial relationship be-
tween the conditioning factor with different classes and
the probability of CLs occurrence in this study. The
higher the information value, the stronger the relation-
ship between the probability of a CLs occurrence and
the conditioning factor class (Ba et al., 2017). The in-
formation value can be calculated with Equ. 1:

N,/N
S,/S

=log (H)
where N; is the number of units for CLs of factor class i,
N is the total number of units of occurred CLs, S; is the
total area of all CLs, and S is total number of units in the
study region.

Generally, there are many influencing factors affect-
ing CLs susceptibility for each evaluation unit and dif-
ferent factors exist in several conditions. Here, in order
to obtain the CLs susceptibility index, the information
value for all conditioning factors were overlaid using the
spatial analysis in ArcGIS 10.3 according to Equ. 2.

" N,/N

I= 21 ;1 g—— 575 )
where [ is the susceptibility index of CLs that denotes
the relative susceptibility level, /; represents the infor-
mation value of factor i, and » indicates the number of
conditioning factors. The results of this CLs susceptibil-
ity assessment were divided into five groups using the
process of natural breakpoint in ArcGIS 10.3, namely
very low, low, moderate, high and very high landslide
susceptibility.

After referencing other scholars’ experiences of the
evaluation index (Wu et al., 2001, 2004; Du et al., 2017)
and considering the availability and accuracy of the
dataset, the factors including elevation, slope gradients,
aspects, lithology, distance to dam and precipitation in

wet season (May to October) were selected for CLs
susceptibility assessment. The classifications of eleva-
tion, slope gradient, slope aspect and river longitudinal
distances to dam site are the same as those of the afore-
mentioned WLFZ and CLs distribution. Based on a
1:500 000 geological map and field investigation, this
study differentiated lithology features into eight strati-
graphic systems, namely Jurassic (J1-3), Cretaceous
(K), Silurian (S), Triassic (T3), Permian (P2), Devonian
(D1), Carboniferous (C1) and Sinian (Ptch). The aver-
age precipitation of wet season was collected from eight
counties’ weather stations along the XWR region. Then,
the kriging interpolation method was used to create a
precipitation contour map of the XWR area, which was
overlaid with the map of WLFZ distribution to ascertain
the precipitation distribution. A 10 m x 10 m grid cell
was used as the basic unit for the evaluation of CLs
susceptibility based on the spatial resolution of DEM.

3 Results

3.1 The distribution of water-level-fluctuating zone

The total area of the WLFZ in the XWR is 87.03 kmz,
with 48.46 km® in the mainstream of the LCR and 38.57
km?” of the HHR, respectively. The two largest areas of
WLFZ are located in Fengqing and Changning counties,
accounting for more than half of the total WLFZ area,
followed by the counties of Yongping and Weishan (Ta-
ble 2). The areas of WLFZ located in the Longyang dis-
trict of Baoshan, Nanjian, Yangbi and Yunlong counties
are relatively small. According to the scale of 10
km-interval distances to the dam site, the area for nearly
all sections is greater than 2 km®, except for the seg-
ments of the backwater terminal of the HHR and the
LCR. The maximum WLFZ area is distributed in sec-
tions of 3040 km and 50—60 km distance to the dam
site along the LCR and HHR, respectively (Fig. 4a). In
terms of elevation, the WLFZ both in the LCR and the
HHR is mainly distributed at elevations ranging from
1190-1200 m, 1210-1220 m and 1230-1240 m, where
the area is more than 18 km” for each elevation and adds
up to over 60% of the total WLFZ area (Fig. 4b). In
general, slope degree of riparian zone in the XWR is
mainly below 35°, with acreage of gentle slope less than
15° and steep slopes of 25°-35° accounting for more
than 60% of the total WLFZ area (Fig. 4c). There is no
substantial difference in WLFZ distribution within slope
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Table 2  Distribution of the water-level-fluctuating zone
(WLFZ) along the the Xiaowan Reservoir in different administra-
tive regions

Counties Area of WLFZ (km?) Proportion (%)
Yunlong 0.29 0.33
Yongping 13.14 15.10
Yangbi 291 3.34
Weishan 11.39 13.09
Nanjian 5.11 5.87
Longyang 6.92 7.95
Changning 20.62 23.69
Fengqing 26.65 30.62
Total 87.03 100

gradients ranging from 0-35° between the LCR and the
HHR, while WLFZ is mainly distribute in the main-
stream of the LCR for high steep slope (35°—45°) and
cliff (> 45°). For slope aspects, WLFZ areas at a flat
slope, northeast, and southwest slope account for
17.55%, 13.39% and 13.20% of total area, respectively.
The same WLFZ distribution trends with bank aspects
was observed for both the LCR and the HHR (Fig. 4d).

3.2 The distribution of collapses and landslides
along the riparian zone

From 2008 to 2014, as many as 804 individual CLs
masses (691 along the LCR and 113 on the HHR) cov-
ering a total area of 1.98 km” have been identified in the
riparian zone of XWR. The spatial distribution of CLs
along stream segments, elevations, slope gradients and
aspects are presented in Fig. 5.

Fig. 5a showed area and density of CLs with 10 km
apart along the riparian zone appear with no consistent
trend. The maximum CLs area is distributed at the seg-
ment 0-10 km distant from the dam, while the highest
CLs density is located at 150-160 km. Notably, the CLs
densities at 130-180 km and 0-10 km sections were
significantly higher than those at other reaches of the
XWR. Regarding elevation, CLs are mainly distributed
in the altitude ranges of 1210-1240 m, with an area ac-
counting for nearly 65% of the total CLs area of the
XWR’s riparian zone (Fig. 5b). As the elevation
changes, the area of CLs gradually increases at the ele-
vations of 1180-1220 m, and then slowly decreases.
Meanwhile, the CLs density also increases rapidly along
with the increase in elevation, although it drops sharply
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at the elevation of 1230-1240 m. In terms of the slope
gradients, the largest CLs area is distributed in the slope
degree of 25°-35°, followed by the slope of 35°—45°,
and the smallest CLs area is distributed in the slope de-
gree of > 45° (Fig. 5¢). However, the CLs density in-
creases obviously with a corresponding increase in the
slope degree. In the case of the slope aspect, the CLs
generally occur at the aspects of easterly direction (east
and northeast) and westerly direction (west, southwest
and northwest), probably because these directions are
roughly perpendicular to the northwest and southeast
direction of the LCR, and thus exposed to stronger res-
ervoir water fluctuations or affected by the orientation
of discontinuities controlling bank stability (Fig. 5d).
Furthermore, the maximum CLs density appears in the
southwesterly direction (3.10%), followed by the west-
erly direction (2.96%), and the minimum density cer-
tainly occurs at the flat slope areas.

3.3 Susceptibility of the collapses and landslides
3.3.1 Information value and susceptibility mapping
In this study, factors of topography, water and geology

were selected to conduct the IVM process. The informa-
tion values of different evaluation indicators were cal-
culated and then added together using Equ. 2. The sta-
tistical results indicate that the total information value
for CLs susceptibility of the WLFZ in the XWR is be-
tween —2.74 and 1.90. In this study, respective IVM
were defined in a range for susceptibility hazard zones /
<-1.13, very low; —1.13 < [ < -0.50, low; —0.50 < [
<0.03, moderate; 0.03 < / < 0.60, high and 7 > 0.6, very
high. Mapping results demonstrated that the moderate
susceptibility zone has the largest area, with 26.64 km®,
followed by the high and low susceptibility zones, with
20.76 km® and 19.66 km?’, respectively. The corre-
sponding areas of very high and very low susceptibility
zones are 10.66 km® and 9.31 km’, respectively. The
combined area of high and very high susceptibility
zones account for more than 36.10% of the total WLFZ
area, while the combine area of very low and low sus-
ceptibility zones account for 33.29%. Fig. 6 illustrates
that many sections of the WLFZ are located in the very
high danger zone. Specifically, the very high suscepti-
bility zones are located mostly in the sections of Wayao
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to Shuizhai, Datianba, Mangshui to Dashi townships
and the riparian zone close to the dam of the LCR, as
well as the sections of dam site to upstream of 10 km
(including Qianghua and Xiaowandong towns), Yongxin
to Shili, and Jijie towns along the HHR (Fig. 6).

3.3.2 The CLs susceptibility zonation compared with
the actual CLs distribution

The CLs susceptibility zonation results with IVM were
compared with the actual CLs distribution from remote
sensing interpretation. Fig. 7 illustrates that both the
area and density of CLs have increased with the rise in
susceptibility levels; particular CLs density in the very
highly susceptible group has increased dramatically.
Statistical results revealed that the area of above-high
hazard zones accounts for 58.08% of the total CLs area,
while the area of very low and low susceptibility zones
only accounts for 17.68%. The WLFZ area of high and
very high danger zones cover approximately one third of
the total WLFZ area of the XWR, whereas its CLs area
accounts for 54.46% of the total CLs area. The actual

CLs area in the very high susceptibility zone is the larg-
est, although the corresponding WLFZ area is small
(Fig. 7). Therefore, the mapping zones are basically con-
sistent with the actual CLs distribution according to the
remote sensing interpretation and the field investigation,
indicating that the IVM is practicable to evaluate the sus-
ceptibility of CLs in the riparian zone of the XWR.

4 Discussion

4.1 The spatial distribution of water-level-fluctua-
ting zone and collapses and landslides in the
Xiaowan Reservoir

The riparian zone in mega reservoirs have attracted in-
creasing attention since the formation of the WLFZ in
the Three Gorges Reservoir (TGR) in China. As the
largest hydropower project in the world, after TGR full
implementation in 2008, an artificial riparian region
with a vertical elevation difference of 30 m and a total
area of 349 km’ have been created (Fu et al. 2010; Ye et
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al. 2011; Tang et al. 2014). At present, research on the
environment impact of the WLFZ is still concentrated
primarily in the TGR, due to its large area of WLFZ and
severe ecological and environmental degradation (Zhou
et al., 2010; Li et al., 2013; Wang et al., 2014; Tang et
al., 2016; Su et al., 2017). Compared with the TGR, the
XWR area, reservoir capacity and the backwater length
are on a much smaller scale, even though the water level
variation range of 60 m in the XWR is twice that of the
TGR (Table 3). Obviously, the difference in area of
WLFZ is closely related to the bank topography. The
submerged zone of the TGR has a mass of sloping
fields, paddy fields, homesteads and other gentle slopes,
and thus over 62.00% area of the WLFZ is less than 15°,
while the area ratio of steep slope is only 14.58% (Yuan
et al., 2013). In contrast, the WLFZ with a gentle slope
in the XWR account for less than a third of its total area,
whereas the proportion of steep slope area is more than
50% (Table 3). In addition, the bank in the TGR is
dominated by a soil type with a mixture of soil and rock
in the west of Fengjie County, while the bank structure
in the east of Fengjie is mainly rock (Bao et al., 2015).
Compared to the TGR, the riparian zone of the XWR is
composite of a mixture of soil, rock and rock-soil, with

a large amount of loose deposits (Li, 2011).

The diverse landforms also cause different types of
geological disaster in the riparian zone. The primary
geohazards type in the WLFZ of the TGR is landslide,
followed by bank collapse, while dangerous rock and
debris flows also occur in some segments (Zhou, 2008).
However, geohazards in the XWR are dominated by
bank collapse and landslide due to the complexity of the
geological environment; debris flow disasters have not
yet been reported. The XWR area is located in the alpine
and canyon region with steep mountain slopes, numer-
ous original unstable reservoir sections are resulting
from the developed karst landform and active new tec-
tonic movement. The present study found that more than
800 CLs masses have been observed since the complete
impoundment of the XWR. Both the number and area of
CLs change in relation to their distance to the dam site,
which is closely related to the range of water level fluc-
tuation at different bank sections. Generally, the closer
the dam site, the larger WLFs of the reservoir (Fig. 8).
Based on the DEM of the XWR, the lowest elevations
of the LCR and the HHR were extracted and then con-
verted to approximate the maximum water level lines.
The results revealed that the maximum WLFs was
maintained for up to 127 km in the LCR and 87 km in
the HHR from the dam site respectively, after which the
water levels began to decline until the end of the back-
water was close to 0 (Fig. 8). It is clear that with a de-
crease in WLFs, the reconstructive role of the reservoir
water on bank gradually weaken, so that the number of
CLs away from the dam site will be relatively small.
The significant difference between number of CLs oc-
currence in LCR and HHR can be explained by the dif-
ferent geomorphology, WLFs, vegetation cover, climate
and intensity of human activity. However, more detailed
investigations are needed to reveal this difference. Actu-
ally, the zone with a high CLs area is not always consis-
tent with a large number of CLs (Fig. 9), which may
result from the different sizes of the CLs masses.

Table 3 Main features of the Xiaowan Reservoir and the Three Gorges Reservoir

Basin SC(x10°m’)  TA(km®  BL(km)  WLFs (ms.l) AWLFZ (km?) WDPS (%)
<15°  15°25°  >D5°
TGR Yangtze River 39.30 1084.00 663.00 145175 349.00 62.28 23.14 14.58
XWR Lancang River 15.00 193.98 179.60 1180-1240 87.03 27.21 17.32 55.47

Notes: the capital letters of SC, TA, BL, WLFs, AWLFZ and WDPS represent the storage capacity, total area, backwater length, water level fluctuations, the area
of the water-level-fluctuating zone (WLFZ), and WLFZ distribution proportion in different slope degrees, respectively; m.s.l is mean sea level. Data of the Three

Gorges Reservoir were from Yuan et al. (2013) and Tang et al. (2015).
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Meanwhile, with an increase in elevation, the area of
CLs decreased at first and then increased (Fig. 5b). At
the elevation of 1180—1190 m, the CLs area is very small;
this result may be associated with the occurrence of
sedimentation in the low altitude region. Large amount of
sediment deposition from upstream, as well as soil and
rock from topsoil erosion and CLs at the upper part of the
WLFZ may prevent the occurrence of large-scale col-
lapses, landslides and soil erosion in the low elevation
regions of the riparian zone (Su et al., 2017). However,
after the elevation up to 1190 m, the CLs area increased
markedly due to the decrease of water flooding intensity.
At the same time, the CLs density increased dramatically
with the increase in altitude of 1190 m to 1240 m (Fig.
5b), which illustrating that the riparian zone along this
height range is prone to collapse. The area of CLs and
WLFZ in different slope gradients and aspects has a
significantly positive correlation at the significant level
of 0.01 (Fig. 5c and 5d). As the slope degrees rise, the
CLs density increases significantly, which indicates
that the slope factor is an important topographic factor
in determining the occurrence of CLs (Fig. 5c). With
regard to slope aspects, CLs distributed in all direc-
tions, including the biggest CLs area occur in easterly
and westerly directions which approximately perpen-
dicular to the course of the river and thus contribute to
bank failure (Dai and Lee, 2002; Lee and Sambath,
2006). The southwest slope is also prone to geological
hazards with the highest CLs density. The IVM results
revealed that numerous segments of the riparian zone
in the XWR are located in the high and very high CLs
susceptibility regions, with a developed CLs frequency
and density (Fig. 6).
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4.2 The influence of water level fluctuations
(WLFs) on the bank stability

Bank stability is closely associated with the hydraulic
conductivity of rock-soil masses and the range of reser-
voir WLFs (Xia et al., 2015). As the water level fluctu-
ates, the hydraulic conductivity of rock-soil and the
groundwater level are notably altered; these two factors
directly influence bank stability (Fujita, 1977; Yan et al.,
2010). During reservoir impounding, if the hydraulic
conductivity of soil and rock masses is very high, the
groundwater table along the bank increases in step with
the reservoir water level, thus resulting in an increase in
pore water pressure in the soil and rock masses and
thereby reduce the bank stability (Fujita, 1977; Xia et
al., 2015; Jiang et al., 2016). Conversely, when the hy-
draulic conductivity is relatively low, the rising reservoir
water level will pull ahead of the groundwater level,
thus increasing seepage pressure on the soil and rock
masses, which is beneficial to the slope’s stability (Yan
et al., 2010; Xia et al., 2015). Accordingly, during the
process of reservoir discharge, the groundwater table
will keep in step with the lowering reservoir water level
when it is equal to or drops below the hydraulic conduc-
tivity, thus increasing the bank stability (Zhang et al.,
2006; Xia et al., 2015). In contrast, when the descending
rate of water level is higher than the hydraulic conduc-
tivity of soil and rock, the decreasing groundwater table
will fall behind that of the reservoir water level; This
process will produce a strong hydrodynamic pressure
directly into the soil-rock masses and ultimately reduce
the bank stability (Fujita, 1977; Xia et al., 2015; Sun et
al., 2017b). Additionally, the falling water level pro-
duces a significant penetration in the rock-soil body,
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further contributing to the sharp decrease in sliding re-
sistance and the significant increase in sliding force, all
of which create the potential for geological disasters
such as collapses and landslides (Liao et al., 2005; Wang
and Yan, 2007; Zhou et al., 2010). This is why, after the
impoundment of the XWR, the dramatic fluctuations in
the water level have greatly affected its bank stability.
As aresult, a large number of CLs masses have occurred
in the WLFZ of the XWR (Figs. 8 and 9). A significant
correlation between WLFs and the number of CLs can
be demonstrated in Fig. 8, although it may not follow
the same trend, which implying the significant influence
of WLFs on the bank stability.

4.3 The application of collapses and landslides
susceptibility zonation in the Xiaowan Reservoir

Since the beginning of the impoundment of the XWR in
December 2008, many serious geological hazards have
been noted on both sides of the reservoir bank. These
disasters have not only seriously affected the operation
and safety of the reservoir and dam but have also caused
great damage and threats to the production and life of
the inhabitants of the reservoir region. The Huangtian
landslide that occurred on 20 July 2009 at the right bank
of LCR about 7.5 km upstream of XWD resulted in the
death of two people and a left of 12 missing people. A
large quantity of slumped mass reduces the storage ca-
pacity of the XWR, also negatively influencing the
normal power generation and flood control capabilities
of the XWD. Therefore, the evaluation of CLs suscepti-
bility in the XWR area, especially in the riparian zone,
is critical to the prevention and control of regional geo-
logical disasters. Thorough CLs assessment and zona-
tion can be used to carry out targeted monitoring and
control work of the geohazards of the XWR. For this
reason, relevant departments have carried out investiga-
tions and monitoring of the bank deformation and insta-
bility, before and after the XWR impoundment. Particu-
larly, following the complete filling of the XWR, the
power station management department conducted a
long-term inspection of the bank collapse, landslide and
other geological hazard points, using artificial observa-
tions combined with GPS automatic real-time monitor-
ing (Chen et al., 2015b). In this study, we investigated
the number and area of CLs occurring on the WLFZ of
the XWR, based on remote sensing image interpretation
together with a field survey, and further conducted an

assessment and mapping of susceptibility using the
IVM. The results sufficiently reflect the CLs that have
occurred in the riparian zone of XWR. Therefore, the
results of this study may confidently be used as a refer-
ence for relevant departments, especially the reservoir
management division, to carry out targeted monitoring
and control of the potential geohazards at the XWR. For
high susceptibility groups, especially in the very high
susceptibility zone, monitoring density and frequency
should be strengthened, and appropriate measures taken
to prevent and control bank failure. At the same time,
disaster prevention training, information and awareness
levels should be enhanced amongst the residents of
townships and cities in the XWR. The moderate suscep-
tibility zone should also be monitored and prevented,
along with a steady watch over even the low and ex-
tremely low hazard areas.

The method of CLs survey and susceptibility map-
ping used in this paper provided a convenient, quick and
safe way to investigate and explore the geological haz-
ards of the reservoir in the alpine valley region. This
model can therefore be applied to geological hazard in-
vestigation and study of the reservoir in other areas. It is
important to note that the geological hazards investiga-
tion and evaluation results in the WLFZ used this model
still requires further validation in practical application,
in order to ensure the veracity and reliability of evalua-
tion results. In particular, the typical bank collapse and
landslide disasters need to be verified via field investi-
gations and evaluations.

5 Conclusions

The full impoundment of the XWR created an artificial
riparian zone with a vertical height of 60 m and the total
area of 87.03 km® of the WLFZ (48.46 km” in the main-
stream of the LCR and 38.57 km” in the HHR, respec-
tively). As many as 804 CLs masses, with a total area of
1.98 kmz, have been identified based on the remote-
sensing images of GF-1 and Google Earth. The CLs
mainly occurred in the regions with the elevation of
1190-1240 m and the slope gradient of 25 °— 45 °. Also,
the CLs density ratio increases significantly with the
increase in elevation and slope degree. The results of
CLs susceptibility assessment used the information
value method to indicate that many segments of the
XWR are in the high or very high susceptibility zones,
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whereas mainly distributed in the lithology of Silurian
formation, and mostly characterized by higher eleva-
tions, steeper slopes, slopes vertical to the strike of the
LCR and within close distance to the dam site. The re-
sults of susceptibility mapping in this study are consis-
tent with the actual CLs distribution in the riparian zone
of the XWR. This study also demonstrated that the
WLFs play a critical role in bank instability, although
more detailed research is needed. Generally, the conse-
quences in this paper can be applied to the prevention
and controlling of CLs hazards in the riparian zone of
XWR. Furthermore, the method used for the reservoir
riparian zone geological hazard investigation and as-
sessment in this study has been found to be convenient,
quick and safe to use in the investigation and explora-
tion of the potential geological hazards of the reservoir
in the southwest alpine gorge area of China.
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