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Abstract: The characteristics and hysteresis of seepage are
critical for assessing the stability of creeping soil land-
slides after reservoir impoundment. First, field and labo-
ratory tests were conducted to obtain the saturated perme-
ability coefficient of 396 soil landslides within the Three
Gorges Reservoir area and trends among these results were
obtained through basic statistics. Second, geological sur-
veys show that these soil landslides are mainly composed
of mixed soil-rock structures. Thus, a pressure plate in-
strument was used for estimating the soil-water charac-
teristic parameters of this unsaturated soil-rock mixture.
Finally, the seepage characteristics and hysteresis of the
soil landslides was analyzed through numerical simula-
tion based on obtained permeability parameters. The re-
sults of this research show that the permeability level of
the soil landslides in the Three Gorges Reservoir Area is, in
overall terms, good and moderate, and the permeability of
the soil landslides has certain spatial distribution charac-
teristics. Also, it was found that the parameters a and m of
the unsaturated Fredlund-Xing model became larger with
increasing gravel particle size, dry density, and plasticity
index of the soil particle; all with decreasing gravel con-
tent. Behavior of the n parameter shows an opposite trend.
Furthermore, more than 90% of landslides show seepage
hysteresis as their hysteresis parameter is less than 35. Fi-
nally, it was found that the hysteresis coefficient and slope
gradient are the key parameters conditioning the hystere-
sis of soil landslides.
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1 Introduction

The Three Gorges Dam is the largest water conservancy
project in the world. It consists of a reservoir with a ca-
pacity of 39.3 billion m? impounding a lake 667 km long
within the Yangtze River. The Three Gorges Reservoir Area
covers 20 counties; some of them include: Zigui, Badong,
Wushan, Fengjie, Yunyang, and Wanzhou (Figure 1). The
project’s high water is 175 m.a.s.l. (Above Sea Level) and
the total length of the main streams and tributaries is al-
most 5500 km. The dams impounding was effectuated in
three stages. The first stage started in 2003 and finished
after reaching a level of 138 m.a.s.l. Filling resumed in
2006 until reaching a threshold of 156 m.a.s.l. Finally, after
the 2008 flooding season, the target maximum level was
reached in 2010. Water level oscillates between 175 and
145 m.a.s.l. in operational conditions [1].

Landslides are common within Three Gorges. So far
4664 events have been recorded; 2619 of them are wading
landslides [2, 3]. Particularly, 674 occurred after 2003, in-
cluding eight collapses that reached the river [4, 5]. Several
assessments concluded that these eight landslides were a
direct consequence of changes in the reservoir level. This
is due to variations in the seepage fields on both banks.
Likewise, seepage is also controlled by saturated and un-
saturated permeability of soil landslides. Thus, water-soil
interaction is a key feature enhancing soil landslide sus-
ceptibility. From a general perspective it is driven by two
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Figure 1: General view of the study area, distribution and permeability level of tested soil landslide in the Three Gorges Reservoir Area.

phenomena: 1) rainfall and water-level oscillation leads
to soaking [6, 7] and 2) water-flow within slopes changes
its effective stress state. Identification of these phenom-
ena on diverse geological contexts allows for classification
of landslides within Three Gorges into the following cate-
gories: rainfall type, soak softening type, dynamic water
pressure type, floating type, and composite type [8].

The level of the lake has been close to its maximum
during the past 7 years (2010-2017). Therefore, the effects
of soaking are secondary. Consequently, seepage is mostly
driven by short-term water level fluctuations. This has led
to the following research: Liu’s team [9] statistically char-
acterized 65 permeability parameters of soil landslides
in the Chongging section of the Three Gorges Reservoir
Area. Jian and his collaborators [10] conducted long-term
field monitoring of the matric suction of silty clay with
gravel. Ding and his team [11] conducted an indoor test
study on unsaturated residual soil. Tang’s group [12] stud-
ied the changing process of the in-site matric suction and
the change of pore water pressure due to rainfall in sev-
eral landslides within the Three Gorges Reservoir Area.
Yang [13] and Ren [14] conducted a preliminary analysis
of the change of the seepage field under the change of

reservoir water level using the unsaturated permeability
curves of three kinds of soil. Sun and his collaborators [15]
proposed a simple calculation method for estimating the
seepage line of slopes in the Three Gorges Reservoir Area.
Huang and his team [16] analyzed the seepage stability
of several landslides in the Three Gorges Reservoir Area
considering different saturated permeability coefficients.
Through landslide monitoring and analysis, Yi’s team [17]
classified the landslide time deformation patterns in the
Three Gorges Reservoir Area into four types: water-storage
lag, water storage synchronization, hysteresis lagging, and
water withdrawal synchronization. Yi and his collabora-
tors [18] presented the idea of hysteresis in landslides
within the Three Gorges Project by studying how defor-
mation increases after a delay of 5 to 10 days from varia-
tions in the reservoir level. They proposed that the effects
of rainfall and reservoir water level on landslide deforma-
tion showcases a “hysteresis effect” and that the lag period
was generally five to ten days. There are many factors that
affect seepage hysteresis. The following are the most rel-
evant: the saturated permeability coefficient of the land-
slide, the unsaturated permeability parameter of the land-
slide, the rate of change of water level in the reservoir, the
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seepage length path within the landslide, and the shape of
the slope surface.

The following drawbacks have been observed: first,
data on the permeability coefficient is sparse, which does
not allow for a reliable description of the saturated perme-
ability characteristics of soil landslides within the Three
Gorges Reservoir Area; second, prevailing approaches use
empirical methods that use expressions for materials no-
ticeably different from what is observed within Three
Gorges; third, parametric studies have been done individu-
ally, which does not allow for interaction between different
conditions. Furthermore, a framework to distinguish be-
tween synchronous landslides that don’t display seepage
delay and hysteretic ones that present it, is yet undefined.

Therefore, in this study, we first compiled a compre-
hensive dataset summarizing saturated permeability char-
acteristics of a large number of soil landslides in the Three
Gorges Reservoir Area. Afterwards, we supplemented ex-
isting information by effectuating further testing on soil-
rock mixtures in the laboratory while performing numeri-
cal simulations to accurately analyze the seepage and hys-
teresis characteristics of soil landslides within the Three
Gorges Reservoir.

2 Methods

We followed the approach outlined in Figure 2. It is com-
prised of the following stages:
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Figure 2: The workflow of the research methods
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2.1 Test of saturated permeability
coefficient

We sourced data regarding 396 soil landslides in the Three
Gorges reservoir area from previous studies [19, 20] (Fig-
ure 1). After homogenizing results, we carried on further
laboratory and field testing considering 3 sites within it,
showcasing landslides where the water level is known
to experience large variations. The following tests were
considered: ring infiltration, water injection after drilling,
forced pumping, and laboratory water penetration. Most
of the tests carried out in this study are double-ring per-
meation tests. Further testing was performed following the
guidelines of the code of water injection test for water re-
sources and hydropower engineering of the Ministry of wa-
ter resources of the People’s Republic of China [21]. We per-
formed site double loop infiltration tests in 86 soil land-
slides. Eventually, we compiled a database with results
of 1188 field and laboratory water penetration tests from
396 soil landslides within Three Gorges Reservoir Area.
The permeability data was classified following guidelines
of the Engineering Geology Manual of China’s Geological
Survey [22], and conventional statistical assessments were
done for each category. Overall landslide permeability was
defined using an average of several samples within it.

2.2 Research of unsaturated soil-water
characteristic parameter

Variation of water level induces cycles of drying and wet-
ting in landslides, leading to cycles of unsaturated and
saturated soils. The two major hydraulic characteristics of
unsaturated soils are the soil-water characteristic curve
(SWCC), and the permeability coefficient function [23].
Consequently, it is possible to obtain the later from the
former. Therefore, we focused on assessing the soil-water
characteristic parameters as a way to determine the unsat-
urated soil properties of inquired landslides.

The unsaturated permeability was assessed through
the full suction double-cell extractor for SDSWCC tests de-
veloped by Earth Products China Ltd [24]. Most (98%) of
assessed soil landslides were comprised of rock-soil mix-
tures. Landslides with gravel content above 20% are more
than 85% of the total amount. Field measurements of rock-
soil matrix suction were found to be low.

Our field measurements showed that suction by land-
slides bodies comprised mostly of soil is commonly less
than 100 kPa. Consequently, we defined the soil water
characteristics (SWCC) considering a suction range be-
tween 0 and 200 kPa. Effects of gravel within landslides
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bodies were assessed by performing laboratory tests on
specimens where gravel content reached 50%, judged rep-
resentative of what is observed in Three Gorges. Control
specimens were elaborated considering gravel content ra-
tios of 30 and 60%. Effects of material gradation were in-
corporated in our analyses by performing tests on samples
with sparse and continuous granulometric curves. Con-
straints in our equipment imposed by the size of the ring
knife available in our laboratory required enforcement of
a maximum particle size 20 mm. A value of 2 mm was set
as the lower limit as it is the threshold separating gravel
and sand. Gradation was defined in the following bins: 2-
5 mm, 5-10 mm, 10-20 mm, and 2-20 mm as shown in Fig-
ure 3. Fine content was characterized by its plasticity index
(Ip). Soils within studied landslides are mostly comprised
of silty clay with an Ip = 11. Control samples were evalu-
ated considering an Ip = 15. Samples with representative
void ratios were evaluated by achieving a dry density of
1.8 g-cm >, while a value of 2.0 g-cm~> was set as a target
for control specimens. Samples consisted of a mixture of
silty clay and lime-gray limestone gravel. Further details
about specific testing procedures are in [25]. The combina-
tion of all inquired parameters led to the definition of eight
sample categories (Table 1).
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Figure 3: Granulometric curves

2.3 Analysis of the seepage hysteresis

The seepage hysteresis of a landslide enhances both as
the rate of reservoir water level change increases and the
seepage path becomes longer, and decreases if the sat-
urated permeability coefficient increases and slope be-
comes steeper. There is feedback between the saturated
permeability coefficient and the variation of water level in
the reservoir. If the saturated permeability coefficient of

Characteristics and hysteresis of saturated-unsaturated seepage of soil landslides = 301

Table 1: Test scheme

Plasticity

Number of Particle Content of Dry density

index Description

sample size (mm) gravel (%) pa (gecm?)

s1 2~5 50 1.80 11 The content of gravel

s2 5~10 50 1.80 1 remains unchanged.
s3 10~20 50 1.80 1 Change in particle size
s4 5~10 60 1.80 1 The particle size remains
unchanged

s 5-10 0 1.80 n Change in content of gravel
s6 2~20 50 1.80 1 Continuous gravel grading,
s7 2~20 50 2.0 1n Different dry density
Continuous gravel grading,
s8 2~20 50 1.80 15 Soil plasticity index

increases

the landslide is small and the rate of water level change
also is low; seepage hysteresis will be weak and seep-
age synchronization may occur. Even, if the saturated per-
meability coefficient is large, when the reservoir water
level rises and falls quickly, seepage flow may become
hysteretic. Therefore, a comprehensive analysis was per-
formed using the ratio h = k/AV as the index of the hystere-
sis coefficient. k represents the saturated permeability co-
efficient of the landslide body and AV represents the rate of
change of the reservoir water level. Likewise, the seepage
path is conditioned by the slope of the surface on which
water level oscillates. The seepage path will reduce as it
increases. In our work, we focus on assessing h consider-
ing slope and seepage path as secondary factors.

The relationship between reservoir water level fluctu-
ation and the hysteresis nature of landslides in the Three
Gorges Reservoir area was investigated by constructing a
model in Geo-seep. Landslide bodies were represented as
niform soil-rock mixtures sliding on bedrock, according to
the generalized geological profile displayed in Figure 4. In
overall terms, hysteresis caused by the rise of the reservoir
water level is beneficial to the stability of the landslide,
while water level decline induces hydrodynamic pressure
variations that can render slopes unstable. As our interest
is on the most adverse conditions, we only performed tests
where water level fell.

(1) Model definition

Three basic arrangements (Figure 6) were considered
for analyzing the effects of the seepage path on hysteresis.
Several thicknesses and slopes of the landslide body were
also assessed, leading to three basic models. Model 1 has a
seepage path of 74 m within the landslide body and a slope
of 24°. The seepage path of Model 2is 49 m within the land-
slide body and a slope of 24°. Model 3 has a seepage path of
74 m within the landslide body and a slope of 19°. Compu-
tations were performed in Geo-studio, a two-dimensional



302 — HeYangetal.

Tangtse River

200 F==

Elavation{m

Sliding surface
4 @ Soil-rock mixture N
80 T T T I L |

l 50 100 150 200 250 300 350 400
Distance (m}

Figure 4: Generalized geological profile of soil landslide

finite element numerical simulation software, "seep/w."
The mesh grill was defined automatically by the employed
software, considering 3 m long elements.
(2) Parameters
1) Permeability parameters of landslide body

In addition to the saturated permeability coefficient,
the seepage numerical analysis also involves the SWCC
and the unsaturated permeability coefficient function. The
latter are the most important parameters for describing
the unsaturated seepage characteristics of the soil. There
is a clear relationship between saturated permeability co-
efficients and unsaturated permeability parameters, so
changes can’t be imposed independently. The boundary
of the saturated permeability coefficient and characteris-
tic coefficient values were selected as the calculation pa-
rameters of the landslide bodies based on both statistical
properties of the saturated permeability coefficients of the
soil landslides in the Three Gorges Reservoir Area and on
the classification of the infiltration grade of the landslide
bodies (Table 2). According to the saturated permeability
coefficient and the values in Table 6, the parameter val-
ues of SWCC were selected (Table 2). The SWCC was cal-
culated using the Fredlund-Xing parameter formula [26].
The unsaturated soil-water characteristic parameters were
set based on variations of nominal parameters using the
saturated permeability coefficient. The permeability coef-
ficient function was calculated from the SWCC using the
empirical formula provided by Geo-seep [27].
2) Permeability parameters of the sliding bed

As the study area is mainly located in the water level
fluctuation zone, characteristics of the sliding bed are
secondary. A representative value of k = 0.0015 m/d was
adopted, leading to the unsaturated permeability curve
depicted in Figure 5.
(3) Conditions and process

Two different water level stages were considered in our
assessments, for both numerical simulations and as target
real-time scenarios to be replicated at small-scale in the

DE GRUYTER

Table 2: Parameters of numerical simulation analyses

- Unsaturated parameters
Saturated permeability

Number . 6
coefficient (m/d) a(kPa) n m s
(m*/m’)
1 Maximum value 21 3.516 0.561 1.065 0.279
2 Threshold value 10 3.985 0.439 1.083 0.298
Characteristic
3 5 9.372 0.403 1.283 0.308
value
Characteristic 2.
4 10.319 0.392 1.356 0.32
value 4
5 Limit value 1 11.319 0.382 1.456 0.358

Table 3: Conditions of seepage flow calculation

Content of Water level Content of
. . Water level drop
Number calculation drop rate calculation
L . rate (m/d)
conditions (m/d) conditions
159 m
1 175m ; 0.6
) continuously
2 continuously 0.114 1.2
dropped to 145
3 dropped to 159 m 2.0

m

laboratory. First, a decrease of 0.114 m/d was enforced, fol-
lowing operational conditions of the Three Gorges Reser-
voir. This rate of decline was maintained until reaching a
level of 159 m.a.s.l. In addition,, the following decrease ra-
tios were investigated: 0.6, 1.2, and 2.0 m/d. Once a reser-
voir level of 145 m.a.s.l. was reached, it was kept constant
for 200 to 300 days. The water level at the posterior bor-
der of the landslide was set to a fixed value of 220 m.a.s.l.
Thus, three diverse scenarios were defined (Table 3).

3 Results

3.1 Saturated permeability characteristics
of soil landslides

Sourced data collected within this study show that the
maximum permeability coefficient ranges between 21 m/d,
and 0.01 m/d (Table 4). Figure 7 shows the distribution
of the permeability level of soil landslides. 3% of wading
landslides on the bank of the Yangtze River showcase val-
ues of k > 10 (strong permeability). 51% have permeabil-
ity values that range between 1 and 10 (good). The last
column, 46% display permeability values of k between
0.01 and 1 (medium). Thus, the permeability of soil land-
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Figure 5: Unsaturated permeability curve. (a) Soil-water characteristic curve, (b) Permeability function curve
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Figure 6: Calculation numerical model: (a) Model 1, (b) Model 2, (c) Model 3

slides in the Three Gorges Reservoir area is main]y good Table 4: Statistical characteristics of permeability coefficient
and moderate; Figure 8 shows the spatial distribution of
assessed soil landslides. Medium permeability bodies are

clustered in the Fengjie, Wuxi, and Zhongxian locations. Statistical Statistical
. . Characteristi . . Characteristi
characteristi characteristi
cvalue (m/d) cvalue (m/d)
cs cs
3.2 Unsaturated permeability Maximum 21.00 Median 1.30
Y e . R Minimum 0.013 Mode 2.50
characteristics of soil landslides Standard
Average 2.32 deviation 3.04

3.2.1 The soil-water characteristic curve

Through tests of the pressure plate instrument, the SWCC
of the de-wetting process of the eight types of samples were
obtained (Table 5 and Figure 9). The SWCC of several types
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of soil-rock mixture shows that the de-wetting path first
drops steeply, however, as the matrix suction increases,
the curve gradually becomes flat (Figure 9). The first ob-
served trend is explained by the removal of water from
large discontinuities and pores. In contrast, the first sec-
tion of the SWCC curves of conventional soils are relatively
gentle, following trends usually observed for clay and silty
clay.

The shape of the SWCC is slightly conditioned by the
average particle size of gravel (Figure 9a) while being in-
sensitive to its gradation (Figure 9b). As seen in Figure 9b,
as the gravel content in the sample increases, the saturated
water content gradually decreases; under the same matrix
suction, the moisture content also decreased accordingly,
and the degree of reduction was positively correlated with
the gravel content; if water content is kept constant, ma-
tric suction increases as the gravel content decreases. The
shape of the SWCC is moderately affected by dry-density
(Figure 9c). As the dry density of the sample increases,
the saturated moisture content decreases, Thus, the water-
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holding capacity becomes gradually larger. Eventually,
both curves will cross after the matric suction reaches
200 kPa. The curve with a smaller dry density is gentler.
The parameter that most affects SWCC is I, (Figure 9d).
As I increases, the saturated water content augments,
making the slope of the SWCC gentler; therefore, the ma-
trix suction force becomes larger if the water content is
fixed [28, 29]. We found that the saturated water content
of continuously graded samples was relatively small com-
pared to the control case. When matrix suction is small
(less than 20 kPa), water content changes slowly; when the
matrix suction is large (more than 20 kPa), the water con-
tent changes quickly.

3.2.2 Fitting analysis of unsaturated permeability
parameters

With the development of unsaturated soil mechanics,
a large number of models have been proposed. Among
them the power function form of the logarithmic function,
the power function form, the fractal model, the logarith-
mic function form, and the mathematical model of the
general expression [30]; according to the number of pa-
rameters, it can be divided into two-parametered, three-
parametered, and four-parametered in the mathematical
model [31]. We selected the Fredlund-Xing three-parameter
model (FX3) [32] to describe the relationship between sat-
urated and overall moisture content and the rock-soil ma-
trix suction. The FX3 model is widely used because it has a
relatively low number of parameters and is easy to use. It
is described by the functional form presented in equation
(D:

6 - O o)

m
{m [e + (g)"} }
Where 0 is the volumetric moisture content; 05 is the sat-
urated volumetric moisture content; ¥ is the soil matrix
suction; a, n and m are the fitting parameters; where a is
related to the air intake value, n is the pore size distribu-
tion coefficient of the soil, and m is the parameter related
to the residual moisture content [26].

The definition of parameters based on data obtained
in our study was done by considering the Gauss-Newton
non-linear least squares fitting algorithm implemented in
Matlab®© [33]. Results are presented in Figure 10 and Ta-
ble 6.

Considering all studied rock-soil mixtures, we found
that the a value increases gradually as the average size
of gravel particles becomes larger, the relative content of
gravel diminishes, dry density is larger, and the Ip of the
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Figure 9: Soil-water characteristic curve of the desiccant path of the sample:(a) Gravel content is 50%, particle size is different, (b) Gravel
size is 5-10 mm, gravel content is different, (c) Continuous gravel grading, content is 50%; different dry density, (d) Continuous gravel grad-
ing, content is 50%; different plasticity index of soil

Table 5: Test data of soil-water characteristics

Matrix suction(kPa) 0 2 6 10 20 30 40 60 80 100 150 200

s1 0321 0.252 0.219 0.201 0.180 0.169 0.160 0.152 0.147 0.143 0.134 0.126
s2 0.308 0.245 0.221 0.205 0.190 0.181 0.173 0.165 0.158 0.153 0.144 0.134
s3  0.298 0.235 0.220 0.210 0.195 0.186 0.180 0.169 0.162 0.155 0.141 0.133

volumetric
s4 0279 0.221 0.194 0.180 0.164 0.152 0.144 0.133 0.126 0.120 0.108  0.960

water content

s5 0.358 0.291 0.258 0.244 0.223 0.210 0.202 0.192 0.185 0.180 0.169 0.162
(m3/m?)

s6 0.298 0.267 0.243  0.219 0.197  0.182 0.173 0.160 0.152 0.145 0.131 0.118
s7 0.261 0.209 0.190 0.181 0.168 0.160 0.154 0.147  0.140 0.135 0.126 0.117
s8 0.329 0.294 0.284 0.275 0.264 0.255 0.248 0.238 0.230 0.223  0.210 0.199
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Table 6: Model fitting parameters; values and relevance

Number parameter
relevance
of sample a (kPa) n m
s1 1.371 0.684 0.734 0.999
s2 3.985 0.439 1.083 0.998
s3 9.372 0.403 1.283 0.995
s4 3.516 0.561 1.065 0.985
s5 11.319 0.382 1.456 0.983
s6 8.197 0.718 0.959 0.995
s7 18.578 0.365 1.585 0.999
s8 48.578 0.350 1.268 0.998

fine matrix becomes larger. If a unitary volume of gravel
soil is considered; a larger particle size will imply that the
number of particles within it will be less, leading to a re-
duction in the effective surface of the gravel compromising
air circulation, so the value of a becomes larger. Likewise,
as the relative content of gravels is reduced within the
same unitary volume, spaces between particles are more
likely to be filled by fine grains, again leading to less air
circulation and an increase in the a value. Locations with
larger dry densities will likely have lower void ratios, di-
minishing the air penetration rate. Finally, an increase in
the Ip index of the fine content of a site indicates a larger
share of clay within it. This leads to better cementation of
gravel particles, becoming obstacles for incoming air. All
these obstacles for air-soil interaction lead to the observed
increase in the value of a.

The value of nis related to the rate of dehydration after
the suction force of the matrix exceeds the intake value a.
Particularly, it can be found after plotting the midline seg-
ment of the SWCC on a logarithmic scale. We found that
among sites studied, n value decreases with an increase
of gravel particle size, the dry density, and the plasticity
index of the soil particles, and a decrease of the gravel
content. Well-graded particles with different sizes will lead
to improved water flow. If the particle size is too large
and gradation is uniform, physical barriers can arise, con-
straining water outflow. A lower content of gravel implies
a larger share of low-permeability silts and clays. And as
stated before, higher dry densities imply that gravel par-
ticles have smaller pores, thus, showcasing lower perme-
ability than less-dense ones. Finally, larger Ip values are
associated with more low-permeability clays.

The m parameter is related to the residual water con-
tent. We observed that the m value becomes larger as the
particle size of gravel increases in a site, gradually in-
creases as gravel content decreases, gradually increases as
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Table 7: behavior of parameters of the FX3 model
Gravel L.
. Gravel . Plasticity
Parameters particle Dry density )
. content index
size
Positive Negative Positive Positive
a
correlation correlation correlation correlation
Negative Positive Negative Negative
n
correlation correlation correlation correlation
Positive Negative Positive Positive

correlation correlation correlation correlation

sites show higher dry densities, and increases as the value
of I of the fine fraction becomes larger. These trends are
explained by the following phenomena; usually there is a
direct relationship between particle size and dry density
of gravels. Thus, materials with larger nominal sizes tend
to be denser, and consequently, pores within them are ex-
pected to be smaller than in materials with a smaller parti-
cle size. This slows water release during desiccation. Sim-
ilarly, a lower relative content of gravel indicates a larger
share of less-permeable, fine-grained soil. Finally, a larger
overall dry density indicates that pores have diminishing
dimensions, making the release of trapped water unlikely.
An increasing value of Ip implies a higher relative amount
of hygroscopic clay. All these factors lead to residual in-
creases in water content, explaining trends observed on
the m parameter. Trends among all parameters are sum-
marized in Table 7.

3.3 Hysteresis characteristics and change
law on seepage field

3.3.1 Hysteresis characteristics of seepage

The relationship between lag times and hysteresis coeffi-
cients is shown in Figure 11 and Table 8 for all three models
considered in this study.

Table 8 shows the different lag times for the three types
of models for several hysteresis coefficients. For values
of h = 35, models 1 and 2 show 0 days of lag, indicat-
ing that seepage in the landslide body and reservoir level
were decreasing simultaneously. However, Model 3 has a
lag time of 1 day for the same h = 35. A comparison of re-
sults from models 2 and 1 when subjected to the same hys-
teresis coefficient, show that the lag time of model 2 was
only slightly lower. Comparison of results indicates that
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Table 8: Hysteresis coefficient — lag time relationship

Hysteresis .
coefficient Lag time (day)

h Model 1 Model 2 Model 3
35.00 0 0 1
17.50 2 2 5
16.67 3 3 7
10.50 4 3 11
8.33 7 6 15
5.00 8 7 16
2.50 16 15 34
2.00 51 49 90

1.67 146 143 198
0.83 158 148 223
0.50 166 160 240

percolation distance is a secondary factor as its effects are
marginal. Joint review of results from models 3 and 1 show
that when subjected to the same hysteresis coefficient, the
lag time of the first is between 1.35 and 2.75 times larger
than what is observed for the former. This shows lag time
increases as landslide slope in the reservoir water level
fluctuation zone decreases and vice versa. The comparison
of the three models showed that the hysteresis coefficient
is the main factor affecting seepage hysteresis. The critical
hysteresis coefficient is not a certain value and will vary
with change of the gradient of the slope in the water level
fluctuation area. Therefore, the gradient of slope in the wa-
ter level fluctuation area is an important factor affecting
the hysteresis of the seepage flow. When the gradient of
slope in water level fluctuation area is 24°, the critical hys-
teresis coefficients of the synchronous and hysteretic land-
slides are 35. With the decrease of the gradient of slope, the
critical hysteresis coefficient increases; with the increase
of the gradient of slope, the critical hysteresis coefficient
decreases. Since the maximum saturated permeability co-
efficient of the soil landslides in the Three Gorges Reser-
voir Area is 21m/d, the ratio between it and the maximum
decline rate was 35. According to the survey, the gradi-
ent of the slope in the Three Gorges Reservoir Area ranges
between 15~30°; but, 97% of soil landslides in the Three
Gorges Reservoir Area have saturated permeability coeffi-
cients less than 10 m/d. Therefore, it can be inferred that at
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Table 9: Classification of hysteresis levels of landslide bodies

Degree of Hysteresis
hysteresis coefficient
Strong h < 167
Medium 1.67<h < 25
Weak 35>h>25

least 90% of soil landslides in the Three Gorges Reservoir
Area are of the hysteretic type, and few landslides could
achieve synchronization of seepage and reservoir water
level.

Figure 11 shows the variation curve of lag time with
hysteresis coefficient. It can be seen that as the hysteresis
coefficient increases, the lag time decreases, showing at
first a steep descent, then the rate of change slows. This al-
lows for the definition of two distinct behavioral regimes.
Landslides with strong hysteresis produce large seepage
pressures, which are extremely unfavorable to the stabil-
ity of landslides, while the seepage pressures generated by
landslides with low hysteresis are almost zero. Therefore,
it is necessary to classify hysteresis predominance. If the
results of Figure 11 are plotted on a logarithmic scale, Fig-
ure 12 is obtained.

Figure 12 shows the variation of the lag time with the
logarithm of the hysteresis coefficient. From this figure, it
can be seen that the curve can be divided into three linear
segments. The first segment has a small slope; the middle
segment presents a steeper slope, and the last segment is
almost flat. According to the characteristics of the three
segments of the curve, the hysteresis coefficients of 1.67
and 2.5 can be considered to define thresholds for limit val-
ues, allowing for definition of the following hysteresis cat-
egories: strong, medium and weak, as shown in Table 9.

3.3.2 Lag time prediction in terms of the hysteresis
parameter

In this study, after assessing several regression models,
we found than an exponential relationship between lag
time and the hysteresis parameter (Equation 2) provides
the best approach for assessing the dependence between
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Figure 10: Soil-water characteristic curve test results and fitting curve: (a) Gravel content is 50%, particle size is different, (b) Gravel size is
5-10 mm, gravel content is different, (c) Continuous gravel grading, content is 50%; different dry density, (d) Continuous gravel grading,

content is 50%; different plasticity index of soil.

Table 10: Formula fitting parameter values and their correlation

degree
Parameter Correlatio
Number n
@ B degree
Model 1 247.653 -0.615 0.885
Model 2 236.15 -0.611 0.880
Model 3 344.674 -0.576 0.916

time lag and h.
t = aePh

@

where t is the lag time, the unit is in days; h is the lag co-
efficient; and a, f are site dependent parameters. If the
logarithm of equation (2) is taken on both sides, ordinary
least-squares regression can be employed to find param-
eters a and B based on data obtained in this study (Ta-
ble 10). In practical terms, the relationship between mod-
els 1 and 2 is the same, showing how seepage phenomena
is only slightly affected by distance to the free flow bound-
ary. On the contrary, results from model 3 clearly show a
different trend, indicating how the slope angle on the free
boundary plays are a more critical role. Parameters a, 8
can be calculated through linear interpolation.
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Figure 11: Variation curve of lag time with hysteresis coefficient
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Figure 12: Logarithmic curve of lag time with hysteresis coefficient

3.3.3 Change law of seepage field

In the Three Gorges Reservoir Area, the seepage flow field
of the wading landslide periodically changes due to the
fluctuation of the reservoir water level. According to the
different characteristics of the seepage curve of landslide
bodies and the characteristics of the seepage field, it can
be divided into two types: hysteretic type and synchronous
type (Figure 13).

As stated in previous sections, if h = 35, lag time is
effectively zero, indicating that seepage in landslides and
water level fluctuations will be synchronous (Figures 13a
and 13c). For values lower than this threshold, there will
be a difference at the free field boundary between water
level within the landslide and in the reservoir. When the
reservoir water level is increasing, the water level within
the landslide will follow a concave curve that will tend to
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reach the new height of the reservoir level, as shown by
Figure 13b. On the contrary, if the reservoir water level is
decreasing, the water-table in the landslide will follow a
convex curve that will lag upwards from the new reservoir
level, as shown in Figure 13d.

Figure 13: Change characteristics of seepage field under the rise
and decline of reservoir water level.

(@) Synchronous type when water level rises, h> 35, (b) Hysteresis
type when water level rises, h<35, (c) Synchronous type when water
level declines, h> 35, (d) Hysteresis type when water level declines,
h<35

Water I
Ar Solid
Unsaturated zone /
‘Water vapour
I interface
o
Satorated zone

Figure 14: Mode of saturated and unsaturated soil-rock mixed struc-
ture

4 Discussion

It is widely assumed that the seepage flow of a landslide
in a reservoir is synchronous with the water level change
within it if the water permeability coefficient of the land-
slide is at least equal to the rate of change of water in the
reservoir. We found that this is wrong. Lag time will be-
come practically zero only if h = 35. In order to achieve this
condition, the ratio between the water permeability coeffi-
cient and the rate of change of water level must be sizably
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larger than one. Moreover, it is also conditioned by length
of the seepage path and the shape of the slope surface.

This is due to the behavior of soil at the boundary be-
tween saturated and unsaturated landslide material (Fig-
ure 14). When water level declines in the reservoir, suc-
tion is generated at the water vapor interface leading to
the development of a drag action that slows free water de-
scent. In contrast, when the water level increases in the
reservoir, water flows into unsaturated areas that have air
bubbles. These bubbles constrain the hydraulic cross sec-
tion leading to a lower effective permeability. These trends
have been verified by Sun and his collaborators [34]. They
set up a real-time pore-pressure monitoring system in Li-
jiapo landslide in the Three Gorges Reservoir Area. Based
on long-term and continuous monitoring data, the maxi-
mum observed seepage lag time was 10 days during falls
in reservoir level. They reported a saturated permeability
coefficient of 1.955 m/d, a slope angle of 34°, and a hys-
teresis coefficient of 3.26. According to Table 9, the degree
of hysteresis for the Lijiapo landslide is weak. According to
Equation (2), its lag time can be estimated at 6 days. Thus,
there is an agreement between our results and field col-
lected data.

5 Conclusions

Slope failures of the banks of the Yangtze River is a concern
in the Three Gorges Reservoir. Since 2003 at least eight
landslides have deposited waste material directly into the
river, which could compromise navigation and induce un-
expected actions in the lake. Extensive research on these
cases has shown a direct link between changes in reser-
voir level and slope creeping and eventual collapse. Albeit
extensive research has been done, there are still gaps in
knowledge that must be addressed. Results from our study
show that banks of the reservoir are expected to experi-
ence hysteresis effects, implying that changes in water ta-
ble levels within soil landslides can be delayed for at least
one day after the reservoir water level changes, even if the
hysteresis parameter is smaller than 35. Furthermore, we
found that the general idea that hysteresis is a minor factor
if the change of reservoir level is less than the permeabil-
ity of the slope is wrong. Our results show that a hystere-
sis coefficient of 35 can be used approximately as the limit
value of the seepage to discern between hysteretic and
synchronous behaviors. At least 90% of landslides in the
Three Gorges Reservoir area showcase hysteresis. Hystere-
sis coefficients of 1.67 and 2.5 were proposed as the thresh-
old values to distinguish between the strong, medium, and
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weak hysteresis of the seepage flow in the Three Gorges
Reservoir Area.

We calibrated the behavior of partially saturated
materials within these soil landslides using the three-
parameter Fredlund-Xing model. We found that the a and
m parameters are positively correlated with gravel particle
size, dry density, and the plasticity index of soil particles.
These variables are negatively correlated with gravel con-
tent. The n parameter shows completely opposite trends.
This is explained by the complex interactions between
soil, water, and air in the seepage boundary.

This research provides valuable insight into the
assessment of slope stability in the margins of large
man-made lakes. It shows how bodies that are initially
considered to be insensitive to hydrological hysteresis
can be extensively affected by it instead. Furthermore,
it presents an efficient way to assess their behavior;
thus, contributing to improving the safety and smooth
operation of water reservoirs worldwide.
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