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Abstract: Most of the natural and compacted fine-grained soil slopes that are in saturated or unsaturated condition undergo a large
deformation prior to reaching failure conditions. Such slopes should be designed taking account of their strain-softening behavior using the residual shear strength (RSS) parameters. In this paper, the slope stability of a recently reactivated Outang landslide near the
Three Gorges Dam in China is analyzed based on the RSS parameters of unsaturated soils. In addition, comparisons are provided in
the FOS values of slope using both the peak shear strength (PSS) and RSS parameters. Firstly, a series of site investigations of the hydrologic and geologic conditions, ground surface displacements and cracks were described. The PSS and RSS behaviors of the sliding soils derived from a series of direct shear test results performed on saturated and unsaturated soil specimens are summarized.
Secondly, a series of slope stability analysis were conducted considering the precipitation and Yangtze River water level variation
within a representative period of 7 months, based on the PSS and the RSS properties. In this study, three different scenarios were considered, which include: i) considering only the precipitation with a constant water level; ii) considering only the decrease in water
level without rainfall; iii) considering the combination of precipitation and decrease in water level. In each scenario, four steps were
included to calculate the values of factor of safety (FOS) at different times. 1) A steady-state seepage analysis was conducted with a
constant total head at 525 m on the left boundary and 175 m on the slope surface below the Yangtze River water level. The initial
pore water pressures were simulated in the slope under no precipitation and variation of water level. 2) A specific boundary condition was applied on the slope surface to model the precipitation and Yangtze River water level variation. A transient seepage analysis was conducted to calculate pore water pressures at different times based on the initial pore water pressures. 3) The FOS values at
different times were calculated by the Morgenstern-Price method taking account of the variation of pore water pressures at different
times, using the peak shear strength (PSS) parameters. 4) The last step was repeated replacing PSS parameters with RSS parameters.
The RSS parameters were lower than the peak values from laboratory’s direct shear test results for the soils in the sliding zones. The
reduction in shear strength from peak to residual state under unsaturated soil condition was greater than that for a saturated soil. The
FOS decreased almost linearly with time for the scenario in which only the influence of rainfall infiltration was considered. However,
the total reduction in the FOS was relatively small. The FOS decreased rapidly at a linear rate with respect to time with a decrease in
water level for the scenario in which Yangtze River water level decrease was considered. The FOS reached to a relatively constant
value after Yangtze River water level reached the lowest value. The decrease in Yangtze River water level was the dominant factor
that contributed to a reduction in the FOS. The FOS was strongly dependent on the development of the phreatic line after the Yangtze
River water level reached the lowest value. The FOS calculated by RSS (i.e. FOSR) is less than unity; they were approximately 16%
lower in comparison to that calculated by PSS (FOSP). If PSS parameters were used, the slope would still be stable even under the
combined influence of precipitation and Yangtze River water level decrease. These results are inconsistent with the field observations. For this reason, the RSS parameters should be taken into account to evaluate reliably the slope stability of the Outang landslide.
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There are limited case studies in the literature that

saturated soils can be obtained from conventional labor-

highlight with evidence large deformations in unsatur-

atory tests. However, determination of the shear strength

ated soil slopes prior to reaching failure conditions

[1–3]

.

parameters from laboratory tests for unsaturated soils is

The shear strength of the soils in such slopes typically

cumbersome and time consuming. For this reason, shear

drops from the peak shear strength (PSS) to a low and

strength contribution arising from matric suction for PSS

constant value with increasing shear deformation. Such a

(i.e., ϕbp ) and RSS (i.e., ϕbr ) was predicted using the satur-

behavior is widely referred to in the literature as strain-

ated shear strength parameters of soil and the soil-water

softening behavior

[4]

. The low and constant shear

characteristic curve (SWCC). The SWCC is defined as

strength value that these soils reach at failure conditions

the relationship between the water content (volumetric or

is referred to as the residual shear strength (RSS) of the

gravimetric) or degree of saturation and soil suction.

soil. The RSS and the strain-softening behavior must be

Several models are available in the literature for the pre-

considered for the rational analysis and design of the

diction of ϕbp . Two models proposed by Vanapalli et

slopes that undergo large deformation prior to reaching

al.[17] that are widely used for the prediction of the shear

failure conditions. The importance of RSS of soil in the

strength of unsaturated soils are summarized below:

long-term stability analysis of fine-grained soils is
widely accepted and used in the analyses of progressive
failure of saturated soil slopes[5–6]. More recently, Qi &
Vanapalli[7] highlighted the importance of RSS in slope
stability analysis of unsaturated slopes.
The RSS of saturated soils has been investigated by
several researchers in the literature. Lupini[8] and Skempton[9]et al. explained failure mechanism of soil slopes associated with the RSS. Empirical relationships between
the RSS parameters and soil physical parameters (e.g. liquid limit, plasticity index and clay particle fraction, etc.)
have been proposed for saturated soils to estimate the
RSS of soils[10–12]. The strain softening behavior of unsaturated soils is however different from that of saturated

τp = c′p + (σn − ua ) tan ϕ′p + (ua − uw ) (S κ ) tan ϕ′p （3）
)
(
θ − θr
τp = c′p + (σn − ua ) tan ϕ′p + (ua − uw )
tan ϕ′p
θs − θr
（4）

where S is degree of saturation, θ is volumetric water
content, θs is saturated volumetric water content, θr is residual volumetric water content, κ is fitting parameter.
Infante Sedano & Vanapalli[13] presented a model
(i.e., Eq. (5)) to predict the RSS of unsaturated soils,
which is similar to Eq. (3). In this model, a new fitting
parameter κr was used to replace κ in Eq. (3). The RSS of
unsaturated soils can be expressed as:
τr = c′r + (σn − ua ) tan ϕ′r + (ua − uw ) (S κr ) tan ϕ′r

（5）

soils. Some researchers highlighted with experimental

However, Eq. (5) was proposed based on apparent

evidence that soil suction significantly influences the

SWCC of the sheared specimen, which reflects the resid-

[13–15]

. The contribution of mat-

ual conditions of the soil. In other words, a test speci-

ric suction on the RSS can be interpreted by modifying

men that is sheared to the residual state (i.e., large de-

the shear strength of unsaturated soils (i.e., Eq. (1)) pro-

formation) should be used in the conventional pressure

RSS of unsaturated soils

posed by Fredlund et al.

[16]

to Eq. (2). The modifications

include replacement of peak shear strength (PSS) para-

plate apparatus to obtain a SWCC. However, it is time
consuming and expensive to obtain such a SWCC.
Yang & Vanapalli[18] proposed a new model to pre-

meters with the corresponding residual values:

where (σn − ua ) is net normal stress, (ua − uw ) is matric

dict the RSS of unsaturated soils, which is expressed as:
(
)κ
θ − θi r
′
′
τr = cr + (σn − ua ) tan ϕr + (ua − uw )
tan ϕ′r
θs − θi
（6）

suction, c′p and ϕ′p are peak shear strength parameters of

where θi is volumetric water content corresponding to the

saturated soils, ϕ is peak friction angle with respect to

inflection point (i.e. the peak point of the derived func-

matric suction, c and ϕ are residual shear strength para-

tion curve of SWCC equation, as shown in Fig.1); κr is

b
r

meters of saturated soils, ϕ is residual friction angle

fitting parameter for RSS, which is suggested to be 0.4

with respect to matric suction.

for Indian Head till, a typical glacial till from Saskat-

τp = c′p + (σn − ua ) tan ϕ′p + (ua − uw ) tan ϕbp

（1）

τr = c′r + (σn − ua ) tan ϕ′r + (ua − uw ) tan ϕbr

（2）

b
p

′
r

′
r

The peak and residual shear strength parameters for

chewan, Canada.
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Eq. (6) only requires the information of conventional SWCC to predict the RSS. However, experimental results using modified ring shear apparatus are required for
estimating the fitting parameter value κr . For example,
the fitting parameter κr = 0.4 provides reasonably good
fit between the experimental and estimated values of RSS
for Indian Head till. Additionally, this equation can only
be applied in a relatively low suction (Ψ ) range, which is
lower than the inflection (i.e., θi < θ < θs or 0 < Ψ < Ψi )
(see Fig. 1). According to Eq. (6), when θ is lower than
θi, RSS due to matric suction equals zero. This means that

there will be no contribution to the RSS when suction exceeds a certain value. However, Vaunat[19] and Merchán[20]
et al. studies suggest the suction can still contribute to the
RSS even when suction reaches as high as about 300
MPa. Therefore, Eq. (6) can only be used when θ is
greater than θi .
Geotechnical engineers understand the importance
of RSS in the slope stability analysis of both saturated
and unsaturated soils. However, research studies related
to the application of the RSS concepts in the analyses of
unsaturated soils slope are limited in comparison to saturated soils[7]. Most of current research studies related to
the stability analyses of unsaturated soils focus on the
slope failure caused by rainfall infiltration. In such cases,
typically a saturated zone is formed in the shallow layer
of the slope due to the infiltration of rainwater. A shallow landslide tends to occur in the saturated zone that
forms due to loss in matric suction. This means the dominant factor controlling slope stability remain to be the
saturated shear strength parameters.
This paper introduces a deep-seated reactivated Outang landslide near Three Gorges Dam in China caused
by the combined influence of rainfall infiltration and the
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Yangtze River water level variation at the slope toe.
Laboratory experiments and site investigations related to
this case study from the literature are summarized. A
slope stability analysis is undertaken using commercial
software Geoslope based on the PSS and the RSS parameters. Furthermore, the influence of rainfall infiltration
and Yangtze River water level variation on the factor of
safety (FOS) has been investigated and summarized. The
results of the study highlight the role of RSS behavior in
the slope stability of unsaturated soils.

1 Details of the investigated study area of
the case study
The study area investigated in this paper is situated
in the hilly region along the Yangtze River in the
Sichuan Basin. The investigated Outang landslide is in
Anping, Fengjie, China, which is on the south bank of
the Yangtze River. It is about 177 km away from the
Three Gorges Dam.
The climate of this region is classified as a humid
subtropical monsoon climate. The annual mean temperature and mean precipitation are 16.3 ℃ and 1 147.9 mm,
respectively. The total annual precipitation is 1 636.3
mm. However, 70% of total annual precipitation occurs
between the months of May and September.
The Yangtze River flows in front of the slope toe, as
shown in Fig. 2 (modified after Dai 2016[21]). The water
level of Yangtze River in the study area can be regulated
by the Three Gorges Reservoir floodgates. The water
level is adjusted during rainy season to alleviate possible
floods. The Yangtze River water is typically limited to
145 m for flood control from mid-June to the end of
September (i.e., rainy season); however, it varies
between 145 m and 175 m during other months.

2 Site investigation studies
2.1 Description of Outang landslide
The total length of Outang sliding mass is 1800 m
with an average thickness of 50.8 m. The average gradient of the slope surface is 1∶25. The relative difference
in elevation between the slope crest and toe is about 600 m.
Dai [21] used boreholes, exploratory wells, exploratory
trenches and footrill at different positions of the slope to
study the slip surface of the Outang landslide. The investigation results indicate three weak zones (shown as
R1, R2 and R3 in Fig. 2) which are sandwiched between
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the sliding mass and bedrock. The sliding mass moved
along these weak zones when the landslide occurred. In
total, there were three stages in the landslide, which are
described below:

Yangtze River with an inclination between –15° and 5°.

1) The first-stage landslide occurred from the mid-

ation between 25° and 27°. The toe slides out over the

point of the slope to the toe of the slope. The length of

trailing edge of the first-stage landslide with an inclina-

the sliding mass is about 880 m and the width is about

tion between –12° and 4°.

2) The second-stage landslide is 440 m long, 650 m
wide and the average thickness is 32.3 m. The sliding
mass also moved along the R3 weak zone with an inclin-

1 100 m. The average thickness is 70.3 m. The sliding

3) The third-stage landslide is 640 m long, 830 m

mass moved along the R3 weak zone. It is parallel to the

wide with an average thickness of 27.2 m. The sliding

bedrock with an inclination between 18° and 25°. In the

mass moved along the R1 weak zone with an inclination

zone near leading edge, the slip surface is approximately

between 20° and 25°. The toe slides out almost horizont-

circular. The toe slides out below the water level of the

ally over the trailing edge of the second-stage landslide.

700
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Elevation/m
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Second-stage landslide
400
R1
300

First-stage
landslide

Yangtze River

200

Water level 175 m

100

Water level 145 m
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R3

0
0
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Fig. 2

1 000
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1 500

2 000

Typical cross section of the Outang landslide

A series of electron spin resonance (ESR) tests were

ence of intense rainfall and significant variation of the

conducted on the slide zone soil specimens obtained at

Yangtze River water level.

different positions of the slope. ESR can be used to de-

2.2 Soil properties of Outang landslide

termine the age and sequence of the three landslides. The

The site investigation studies (e.g., borehole, explor-

results from ESR suggest the first-stage landslide oc-

atory well, and footrill, etc.) have shown that the Outang

curred about 120 000～130 000 years ago; the second-

sliding mass mainly consists of silty clay mixed with

stage landslide followed about 49 000～68 000 years ago

gravels and broken rock. The surface layer of sliding

and finally the third-stage landslide occurred about

mass is the silty clay with gravels, the thickness of which

47 000～49 000 years ago.

is about 3～20 m. Underlying the surface layer, there is

Since the Three Gorges Reservoir began to store

broken rock with a thickness of 10～85 m. The broken

water in 2003, the behaviors of the old Outang landslide

rock layer mainly includes sandstone, siltstone and clay-

were influenced significantly. Large displacements of the

stone. Three weak zones were sandwiched between the

sliding masses and more than 106 cracks on the ground

Outang sliding mass and bedrock. Only the two weak

were observed [21] . Most cracks were observed in the

zones (i.e., R1 and R3) along which the sliding mass

first-stage sliding mass, especially during 2008 and 2009.

moved were studied. R3 is a clay layer with thickness of

The second-stage sliding mass was relatively stable.

40～70 cm. R1 is claystone layer with thickness of

Since then, settlements of the road and cracks of the

10～35 cm.

ground were observed in the third-stage sliding mass

Several undisturbed samples were collected from

every year during the rainy season. These results and ob-

the Outang sliding mass and weak zones. The degree of

servations suggest that the old Outang landslide has been

saturation, S r , of the natural samples can be calculated

reactivated, locally. This may be attributed to the influ-

from their water content and density relationships
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(shown in Tab. 1). The degree of saturation of the collec-

were conducted on the natural and saturated soil samples

ted natural samples was equal to 89.53%. A series of

of silty clay. Both the PSS and RSS parameters were de-

consolidated undrained direct shear tests were conducted

termined. The physical and mechanical properties of dif-

on both the natural and the saturated soil samples of R1

ferent soils derived from various laboratory tests are

and R3. A series of quick undrained direct shear tests

summarized in Tab. 1 and Tab. 2 (summarized from Dai[21]).

Tab. 1

Physical properties of soils

Plasticity
index

Liquidity
index

Coefficient of
permeability
k /(10–7 cm·s–1)

Gs

Silty clay with
gravels

12.3

–0.02

53.01

R3

11.1

0.17

R1

10.7

0.15

Tab. 2

Natural specimen
(Unsaturated)

Saturated specimen

w /%

ρ/(kg·m–3)

w /%

ρ/(kg·m–3)

—

0.05

2 040

21.63

2 070

55.95

2.70

19.48

2 070

20.51

2 080

24.80

2.71

18.00

2 007

19.80

2 100

Shear strength parameters of soils

Natural specimen (Unsaturated)

Saturated specimen

cp /kPa

ϕp /(°)

cr /kPa

ϕr /(°)

cp /kPa

ϕp /(°)

cr /kPa

ϕr /(°)

Silty clay with gravels

45.9

14.6

27.0

11.3

34.7

12.4

21.6

9.2

R3

36.6

14.7

27.8

11.5

30.0

12.5

24.2

9.3

R1

52.4

18.0

29.0

12.9

37.8

12.1

24.7

9.5

The shear strength properties of natural (i.e., unsat-

attributed to reduction in the saturated soil shear strength

urated) and saturated specimens suggested that the shear

parameters (i.e., c′ and ϕ′ ) and the contribution of matric

strength of natural specimens reduced when they were

suction to shear strength (i.e., ϕb ) when the soil under-

saturated (see R1 for example). The peak cohesion, cp ,

goes large deformation. The water menisci along which

decreased by 27.86% and the peak internal friction angle,

suction acts are destroyed beyond peak state when the

ϕp , decreased by 32.78%. The RSS parameters, cr and ϕr ,

soil undergoes a large deformation. Experimental studies

decreased by 14.83% and 26.36% respectively. This may

on unsaturated soils[22] also suggested that the contribu-

be attributed to the reduction in matric suction associ-

tion of matric suction to shear strength (ϕb ) was reduced

ated with an increase in the S r . Unfortunately, the matric

under large deformation.

suction of the natural samples collected from the test site

2.3 Yangtze River water level and rainfall data

were not measured by Dai[21].

The rainfall data along with the variation of Yangtze

The RSS parameters were lower than the peak values (see R1 details, for example in Tab. 2). The cohesion

River water level in the slope are summarized in Fig. 3
(modified after Dai, 2016[21]).

and angle of internal friction for peak and residual condi-

From Fig. 3, it can be seen that the precipitation var-

tions decreased by 34.66% and 21.49%, respectively for

ied periodically. The precipitation was relatively high

saturated specimens. The reduction in saturated shear

from May to September, which is the rainy season peri-

strength from peak to residual value can be attributed to

od. However, it decreased significantly after this period

[8]

the reorientation of the platy clay particles . The clay

and reached a minimum value between January and

particles will be aligned parallel to each other on the fail-

March. The water level of Yangtze River reduced from

ure shear surface. As a result, the peak shear strength de-

175 m to 145 m from May to September as a flood con-

creased to residual value.

trol measure during the peak period of rainfall. However,

In addition, for the unsaturated R1 specimen, the
soil cohesion decreased by 44.66% and the angle of in-

between January and March, Yangtze River water level
increased gradually and reached 175 m.

ternal friction decreased by 28.33% under large deforma-

Dai[21] measured the accumulated displacement of

tion. This means the reduction in shear strength from

the ground surface using GPS. Two typical variation

peak to residual conditions under unsaturated soil condi-

curves of the accumulated displacement with time are

tions is greater than that of the saturated soil. This can be

also shown in Fig. 3. Both the monitor points were loc-
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ated in the third-stage landslide. The accumulated dis-

accumulated displacements during these two periods

placements increased significantly from May to Septem-

were much higher than that during the corresponding

ber in 2012 and 2014. However, the increase in rates of

period in 2013.
180

350
150
300
250

Accumulated displacement of ground surface
Water level

Precipitation per month

200

120

90

150

Water level/m

Accumulated displacement of ground surface
(Precipitation per month)/mm

400

60
100
30
50
0
0
12/1/2010 6/1/2011 12/1/2011 6/1/2012 12/1/2012 6/1/2013 12/1/2013 6/1/2014 12/1/2014
Date

Fig. 3

Variation of the Yangtze River water level, precipitation and accumulated displacement of ground surface

The variation of increase rate of accumulated displacement is consistent with the variation of average precipitation rate. The fluctuations of Yangtze River water

3 Slope stability analyses
3.1 Schematic of slope used for numerical modelling

level were similar from May to September in 2012 and

Numerical modelling was conducted using the com-

2013. The accumulated displacement increased signific-

mercial software GeoStudio to study the stability of this

antly during this period in 2012 in comparison to 2013.

slope based on the PSS and the RSS parameters. The

These displacements were consistent with the precipita-

schematic of the investigated slope is shown in Fig. 4

tion rates in 2012 and 2013; it can be seen from Fig. 3

highlighting several key details. The mixed quad and tri-

the precipitation rate in 2013 was lower than that in

angle elements were used to generate the mesh. The ap-

2012. Therefore, it is reasonable to conclude that the

proximate global element size was 30 m.

variation of water level alone cannot trigger the large dis-

However, in order to build the numerical model,

placement of ground of third-stage sliding mass. This

some assumptions have been introduced. Firstly, the sur-

means that the increase in accumulated displacement of

face of the slope was simplified. Only the main vari-

the third-stage sliding mass was caused by not only the

ations of gradient were introduced into the numerical

water level variation, but also due to the heavy precipita-

model. Some minor variations of gradient were not con-

tion. This can also be explained by the reduction in both

sidered. Secondly, only parts of R1 and R3 overlapping

the peak and residual shear strength due to saturation,

with the slip surface were presented in the numerical

which is summarized in Tab. 2. The soils in R1 was sat-

model. The thickness of R1 and R3 were set as 0.5 m.

urated by the rainfall infiltration. Due to this reason, sat-

Lastly, the three landslides that have occurred in a se-

urated shear strength parameters should be used for nat-

quence were considered to occur at the same time. This

ural soils. As a result, the accumulated displacement of

means the soils above the slip surface was considered to

the sliding mass also increased significantly. Addition-

be sliding mass as a whole.

ally, once a large displacement was triggered by the

The seepage and slope stability analysis were con-

heavy precipitation, the shear strength decreased from

ducted considering three different scenarios, which in-

peak to residual value. In other words, there was a fur-

cluded: 1) the influence of precipitation with Yangtze

ther decrease in shear strength due to larger displacement.

River water level at constant value of 175 m; 2) the influ-
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ence of decrease in Yangtze River water level from

ence of precipitation and decrease in Yangtze River wa-

175 m to 145 m; 3) considering the combination influ-

ter level.

700

Elevation/m

600
500

Slip surface
R1

400

Silty clay

300
200

R3

Bedrock

100

Broken rock
Water level 175 m
Water level 145 m

0
0

200

Fig. 4

400

600

800

1 000 1 200 1 400 1 600 1 800 2 000 2 200
Distance/m

Schematic of the slope used in the numerical modelling

3.2 Numerical analyses
Numerical analyses involved four steps, which are
summarized below:

head of 175 m was applied on the slope surface below
the elevation of 175 m.
From Fig. 3, it can be found that the precipitation

1) Steady-state seepage analysis. A steady-state

was lowest in February; this value was close to zero. The

seepage analysis was conducted with a constant total

precipitation increased gradually and reached the highest

head on the left boundary and the slope surface below the

value during the month of May. The precipitation values

Yangtze River water level. The initial pore water pres-

were typically high from May to September. Due to this

sures can be simulated in the slope under no precipita-

reason, the water level of Yangtze River was highest at

tion and variation of water level.

175 m during February and decreased gradually to a low

2) Transient seepage analysis. In each scenario, a
specific type of boundary conditions was applied on the
surface of the slope to model the precipitation and variation of water level. Then, a transient seepage analysis
was conducted to calculate the pore water pressures in
the slope at different times based on the initial pore water pressures obtained in Step 1).
3) Slope stability analysis. In each scenario, a series
of values of FOS can be calculated using the Morgenstern–Price method and PSS parameters based on the obtained pore water pressures at different times calculated
in Step 2). Therefore, the variation of the FOS calculated
using PSS (FOSP) with time can be obtained for each
scenario.
4) Slope stability analysis. Step 3) can be repeated
replacing PSS parameters with the RSS parameters. The

level from May to September.
Since the precipitation varied periodically, only a
representative period of one year (Feb. 2012—Feb.
2013) was selected for the study. The shear strength decreased during the wet season of this year due to precipitation. The seepage force increased during this period due
to the decrease in water level, which accelerated the
slope failure. Therefore, the wet (i.e., mostly the rainy)
season is the most vulnerable period. For this reason,
only the wet period from Feb. 2012 to Sep. 2012 was
studied in this research.
Finally, a transient seepage analysis was conducted
for a duration of 7 months. The precipitation and water
level variations have been simplified as shown in Fig. 5.
The actual precipitation and Yangtze River water level

variation of the FOS can be calculated using RSS (FOSR)

from February to September in 2012, were also presen-

with time for the three different scenarios.

ted in Fig. 5. It can be found precipitation values used in

3.3 Boundary conditions

the modelling can approximately fit the actual condition.

A no flow boundary condition was applied on the

However, actual precipitations in April and June were

right and bottom boundaries, i.e. the unit flux q was as-

significantly lower than that in the modelling. The pre-

sumed to equal zero. As suggested by Dai[21], a constant

cipitation was assumed that it extended continuously for

total head at 525 m was applied on the left boundary in

five months in the modelling. In other words, the as-

this numerical model.

sumptions used for the analysis would contribute to con-

In the steady-state seepage analysis, a constant total

servative numerical results.
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Water level

those materials. Since effective shear strength para-

200

Actual water level

meters were not provided by Dai [21], the PSS and RSS

400

shown in Tab. 2 were used for R1, R3 and silty clay. The

150
Precipitaion

300

Actual precipitation
100

200

Water level/m

Precipitaion per month/mm
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50

100

parameters of the R1 and R3 were derived from consolidated undrained direct shear test results. The corresponding parameters of silty clay were obtained from
quick undrained direct shear test results. This approach
will underestimate the magnitudes of the factor of safety
(FOS). The research focus of this study is related to the

0

0
0

1

2

3
4
5
Elapsed time/months

6

7

slope stability taking account of RSS parameters. Due to
this reason, the magnitudes of the FOS values were underestimated; however, the trends in the variation of FOS

Fig. 5

Variation of actual and assumed values of precipitation and Yangtze River water level used in
the numerical model (Feb. 2012—Sep. 2012)

would be similar when shear strength is reduced from the

In the transient seepage analysis, a varied unit flux

state can still be analyzed by comparing the FOS calcu-

with time was applied on the slope surface above the elevation of 175 m. The unit flux was defined as a func-

lated using peak and residual shear strength, in spite of

tion of the elapsed time. Initially, the unit flux was zero

study. The saturated unit weight values of different ma-

and then it increased linearly to 240 mm/month after 3
months. Finally, it was constant at 240 mm/month from

terials are summarized in Tab. 1.

the 3rd to the 7th month.
A varied total head with time was applied on the
slope surface below the elevation of 175 m. Initially, the
total head was 175 m and then it decreased linearly to
145 m after 3 months. Finally, it was constant at 145 m
during the following 4 months (i.e., from May to
September).
By default, when the total head was lower than the
elevation, the boundary condition was set as no flow
boundary (i.e. total flux is equal to zero). This is not consistent with the actual boundary condition. For an actual
slope, once the water level decreased, the constant total
head boundary on the exposed slope surface should be
replaced by a rainfall infiltration boundary. However, in
this numerical model the rainfall infiltration was neglected on this part of surface between the elevation of
175 m and 145 m. In this model, the slip surface was
seated at a depth of more than 100 m in the zone near the
river. The numerical results suggested that the 7-month
rainfall infiltration could only create a saturated zone
within a shallow layer (about 3 m below the surface).

the shear strength parameters of the broken rock and bed-

3.4 Material properties
Five different types of materials were used in this

ponding peak values.

numerical model. They were R1, R3, silty clay, broken
rock and bedrock respectively (shown in Fig. 4).

suggested by Dai[21] were used in the numerical analyses.

The Mohr–Coulomb model was used for all

for the R1 and R3 since they are both clays. The equa-

peak value to residual value. The influence of residual

not using the effective shear strength parameters in this

Dai[21] did not provide experimental results about
rock and the hydraulic behaviors of all the five materials.
However, Dai conducted a numerical modelling study of
the landslide. In the numerical models, the hydraulic and
mechanical properties of those materials were suggested.
Dai indicated that those suggested values were proposed
based on experimental results. The properties of similar
materials in Three Gorges Dam region were used as a
reference. Back calculations were also used to determine
the parameters based on the ground water table and slope
surface displacement measurements.
In this research, the PSS parameters of broken rock
and bedrock were from the numerical studies reported by
Dai[21](shown in Tab. 3). Additionally, the RSS parameters were not provided for the broken rock and bedrock
by Dai[21]. The slip surface only passed through the R1
and R3 weak zones. This means the FOS was controlled
by the shear strength parameters of R1 and R3. The shear
strength of broken rock and bedrock did not influence the
FOS significantly. Therefore, the RSS parameters of
those two materials were assumed equal to the corresThe SWCC and permeability functions that were
The same SWCC and permeability functions were used
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tion proposed by Fredlund & Xing[23] was used to fit the

showed that the suction in unsaturated zone reaches a

SWCC. The parameter related to residual suction Cr

value around 800 kPa. Thus, Eq. (6) cannot be used in

could be selected as 3 000 kPa, as suggested by Vanap-

this numerical model. Since there is a lack of prediction

[17]

[24]

model that can be used for RSS of unsaturated soils, an

was used to determine the residual volumetric water con-

equation with the same form of Eq. (4) was used to ap-

tent. The SWCC parameters of the five materials are given

proximate the RSS of unsaturated soils, which can be ex-

out in Tab. 4. The permeability functions of the five ma-

pressed as:

alli et al.

. The approach proposed by Vanapalli et al.

[21]

terials are presented in Fig. 6 (modified after Dai 2016
Tab. 3

).

Shear strength parameters in numerical model
c′r /kPa

ϕ′r /(°)

16.2

70

16.5

42.0

700

42.0

c′p /kPa

ϕ′p /(°)

Broken rock

70

Bedrock

700

Tab. 4

Parameters of SWCC
a

n

m

θs

θr

Silty clay with gravels

10.65

1.40

0.81

0.32

0.059

Broken rock

9.12

1.73

0.76

0.27

0.051

R1 and R3

9.07

1.53

0.59

0.30

0.094

Bedrock

9.81

1.46

0.70

0.05

0.012

100

1 000

Coefficient of permeability/(m·s−1)

10−4
10−6
10−8
10−10
10−12
10−14
10−16
0.01

Fig. 6

Silty clay with gravels
Broken rock
R1 and R3
Bedrock
0.1

1
10
Suction/kPa

Coefficient of permeability functions for different
materials

The PSS of those materials under unsaturated condition can be predicted using Eq. (4). This equation has
been used as an add-in equation in the Geo-slope. Thus,
only four parameters (c′ , ϕ′ , θs and θr ) are required to be
used as input parameters in the software. PSS can be calculated automatically at each node. It is convenient to
perform calculations using this equation in Geo-slope.
The apparent SWCC of sheared specimen were not
provided by Dai[21]. For this reason, Eq. (5) cannot be
used. Eq. (6) can only be applied for θi < θ < θs . Accord-

)
θ − θr
τr = c +(σn − ua ) tan ϕ + (ua −uw )
tan ϕ′r （7）
θs −θr

only be applied when suction is less than 20 kPa.
However, numerical simulations of seepage analysis

′
r

It is important to note that the actual RSS is lower
than the RSS calculated using Eq. (7). This is because the
θ − θr
normalized volumetric water content,
, used to preθs − θr
dict the reduction in contribution of matric suction
caused by decrease in water menisci area at peak state.
However, under large deformation, some water menisci
are destroyed. As a result, the reduction in contribution
of matric suction under large deformation is greater than
that at peak state. For this reason, the actual value of
(
)
θ − θr
b
tan ϕ′r .
tan ϕr should be lower than
θs − θr
3.5 Slip surface and FOS
The Morgenstern–Price method was used to calculate the FOS. The half-sine function was selected as the
interslice force function. The slip surface was specified
manually before the slope stability analysis, which is
shown in Fig. 4. The slip surface consisted of three parts.
The rear part of the slip surface went through the R1
weak zone. The medium part went through the R3 weak
zone. The front part seemed to be circular and went
through the interface between broken rock and bedrock.
In Morgenstern–Price method, two independent
FOS equations were used; one with respect to moment
equilibrium, Fm , and the other with respect to horizontal
force equilibrium, Ff [25] . These equations can be expressed as:
)
∑(
θ − θr
c′ βR + NR tan ϕ′ − uw βR
tan ϕ′
θs − θr
∑
∑
∑
Fm =
（8）
Wx−
Nf +
Aa
)
∑(
θ − θr
′
′
′
c β+N tan ϕ −uw β
tan ϕ cos α
θs − θr
∑
∑
Ff =
N sin α +
A

ing to the SWCC of those materials, the suction at inflection point, Ψi , is about 20 kPa. This means for Eq. (6) can

(

′
r

N=

（9）

[c′ β sin α+uw β sin α tan ϕb ]
F
（10）
sin α tan ϕ′
cos α +
F

W +(XR −XL )−
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where N is the total normal force on the base of the slice;
uw is pure water pressure; W is the total weight of a slice;
A is the resultant external water forces; X is the vertical
interslice shear forces and the L and R subscripts designate the left and right sides of the slice; β , R, x , f , a is
geometric parameters; α is the angle between the tangent to the center of the base of each slice and the horizontal.
In SLOPE/W, the seepage force is considered by using the concept of boundary water forces and total
weight[25]. This means no seepage forces were applied
internal to the sliding mass. Instead, boundary water
forces AR and AL were applied on the rear and front
boundaries of the slip surface.
From Eq. (8)～(10), it can be found that the resistance force included the shear strength on slip surface and
the driving force included W and A. All the three parameters are influenced by the hydraulic/climatic conditions. W is determined by unit weight of each slice,
which is a function of volumetric water content. The
shear strength on slip surface is dependent on the matric
suction. A is determined by the difference between the
water levels at the rear and front part of the slope. Therefore, the variation in FOS caused by the change of hydraulic/climatic conditions was controlled by the shear
strength on slip surface, total weight of the slice and the
water forces.

passed. The first one was formed at the top of the slip
surface in R1. The formation of this slip surface can be
attributed to the soil layer above the bedrock is thin at
this zone (shown in Fig. 9). The infiltrated rainfall can
saturate the R1 and sliding mass within a short time period. The second saturated zone was formed at the connection between R1 and R3. In this zone, the bedrock is almost horizontal (shown in Fig. 9). Therefore, the infiltrated rainfall cannot flow downwards along the slope.
Consequently, the infiltrated rainfall accumulated above
the bedrock and saturated the soils. Once the saturated
zones are formed, the shear strength of the slip surface
passing through these zones reduced due to loss of matric suction. In addition, the volumetric water content of
the sliding mass increased during precipitation. As a result, the total weight of the sliding mass increased. Therefore, under the influence of precipitation, the resistance
on the slip surface reduced, while the driving force, W,
increased. Consequently, the FOS decreased.
1.2
1.1
1.0
0.9
0.8
FOSP
0.7

4 Summary of analyses results

FOSR

0.6
0

Fig. 7

1

2

3
4
5
Time/months

6

7

8

Variation of FOS with time taking account of rainfall infiltration
1 500
R3

R1

1 000

Pore water pressure/kPa

4.1 Scenario 1: Influence of precipitation
Fig. 7 presents the variation of FOS with time considering the influence of rainfall infiltration when the water level is at 175 m. The FOS decreased linearly with
time when only the influence of rainfall infiltration is
considered. The total reduction in both FOSP and FOSR
in general was relatively small despite 7-months precipitation period.
The reduction in FOS due to rainfall infiltration can
be explained in terms of the shear strength on slip surface and the total weight of the sliding mass. Fig. 8
shows the pore water profile along the slip surface at different times (shown in Fig. 5). It can be found under initial condition, only the slip surface going through R1 and
the connection part between R1 and R3 were in the unsaturated zone. The remainder part of the slip surface
was in the saturated zone. During precipitation, two saturated zones were formed through which the slip surface
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500
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Fig. 8
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X/m
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Pore water pressure profiles along slip surface taking account of rainfall infiltration
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Development of the phreatic line in the Outang landslide during precipitation
1.2

However, when matric suction is high, the volumetric water content is low. Thus, the shear strength contri-

1.1

bution due to matric suction is relatively small in com1.0

parison with the shear strength due to normal stress. FurFOS

thermore, the shear strength on most part of the slip surface was not influenced by the precipitation, since they

0.9
0.8

were saturated throughout. In other words, the phreatic

FOSP

line was also not influenced by the precipitation. Such a

0.7

FOSR

behavior may be attributed to the thick soil layer (i.e., av0.6

erage thickness is about 50 m) through which only lim-

0

1

2

ited amount of rainfall water can infiltrate into the shallow depth. Therefore, reduction in FOS caused by decrease in matric suction and increase in total weight was
not significant.
By comparing the FOSP and FOSR, it can be found
that FOS R was less than FOS P . The FOS P was greater
than 1; however, the FOSR was less than 1. The FOS decreased by about 16% from peak to residual value. Such
a behavior can be attributed to lower values of c′r and ϕ′r
in comparison to c′p and ϕ′p . At residual state, the soils
can only provide a low resistance on the slip surface to
prevent the shear deformation. The reduction rates of the
FOSP and FOSR are approximately same during the peri-

Fig. 10

Fig. 10 presents the variation of FOS with time considering only decrease in water level. The FOS decreased rapidly and linearly with time within the first
three months. By the third month, both FOSP and FOSR
have decreased by 5.5%. After that, FOS increased

Pore water pressure/kPa

level variation

FOSP and FOSR increased only by 0.65%.

8

Variation of FOS with time considering Yangtze
River water level variation

1 000

R3

R1

500

0

Initial
1 month
3 months
5 months
7 months

−500
−1 000
0

slightly with time. However, the increase in FOS is relatively small. From the third to the seventh month, both

7

1 500

ation on FOS were same no matter whether PSS or RSS
4.2 Scenario 2: Influence of Yangtze River water

6

Fig. 11 shows the pore water pressure profiles along
the slip surface at different times (shown in Fig. 5). It can
be found that only the pore water pressure on the circular part of the slip surface was influenced by the water
level variation. The pore water pressure and volumetric
water content were not influenced by the variation in water level for most part of the slope. These results are consistent with the field observations that the water level
variation alone cannot trigger the large displacement of
ground of third-stage sliding mass. This means the shear

od of precipitation. This means the influences of precipitwas used in the analysis.

3
4
5
Time/months

Fig. 11

500

1 000
X/m

1 500

2 000

Pore water pressure profiles along Outang landslide slip surface considering water level variation
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strength on the slip surface and total weight of sliding
mass were not influenced significantly by the water level
variation. Therefore, the reduction in FOS can be mainly
attributed to the increase in the total water force caused
by the decrease in water level.

increase in FOS from the third to the seventh month can

After three months, the water level decreased to the

content of the sliding mass above the phreatic line near

minimum value and was constant. Due to this reason, the

the river. As a result, the total weight of this part of slid-

water force was constant after three months. However,

ing mass decreased and contributed to a relatively small

the FOS increased slightly during this period. The small

increase in the FOS.

Initial

be attributed to the lowering of the phreatic line. Despite
the constant water level, the phreatic line in the zone near
the river continued moving downwards (Fig. 12). Due to
this reason, there was a decrease in volumetric water

1st month

2nd month

Water level 175 m
3rd month

7th month
Water level 145 m

Fig. 12

Development of the phreatic line during water level variation in the Yangtze River

In addition, the FOS R was lower than FOS P . The
FOSP was still greater than 1, while the FOSR was lower

1.1

than 1. In both scenarios (i.e., 1 and 2) where only rainfall infiltration and water level variations are considered,
of water level variation on FOS remained the same no
matter PSS or RSS was used in the analysis.

1.0
FOS

the FOSR was 16% lower than the FOSP. The influence

0.9
0.8

4.3 Scenario 3: Combined influence of precipitation
and Yangtze River water level variation
Fig. 13 presents the variation of FOS with time con-

FOSP

0.7

FOSR
0.6

sidering combined influence of both precipitation and de-

0

crease in the Yangtze River water level. The FOS decreased linearly with time at a relatively faster rate within the first three months. By the third month, both FOSP
and FOSR have decreased by 6.6%. After that, FOS de-

Fig. 13

1

2

3
4
5
Time/months

6

7

8

Variation of FOS with time considering the combined influence of precipitation and Yangtze River
water level variation

creased relatively at a slower rate with time. From the

and 4.2, within the first three months, the reduction in

third to the seventh month, FOS decreased by 0.66%.

FOS caused by Yangtze River water level decrease was

The reduction in FOS can be attributed to the differ-

greater than that caused by precipitation. Therefore, the

ent mechanisms described in section 4.1 and 4.2. Fig. 14

decrease in Yangtze River water level was the dominant

shows the pore water profile along the slip surface at dif-

factor, which contributed to a reduction in the FOS. The

ferent times (shown in Fig. 5). Firstly, precipitation con-

influence of precipitation however is secondary. After

tributed to saturated zones in the rear part of the slope.

the third month, the water level was constant with a low-

This resulted in matric suction decrease on the slip sur-

est value and the precipitation was constant at a maxim-

face and increase in total weight of sliding mass.

um value (shown in Fig. 5). The FOS continued to de-

Secondly, the decrease in water level lead to an increase

crease at a slower rate due to the influence of rainfall in-

in the total water force. As summarized in section 4.1

filtration.
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ence of deformation behavior on the shear strength. For
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this reason, the RSS was extended for the entire slope. In

R3

R1

1 000

reality, the calculated FOS of the slope would be somewhere between the FOS P and the FOS R from such an

500

analysis, which is more realistic. Initially, when there
was no deformation, the real FOS was equal to FOS P .

0

Initial
1 month
3 months
5 months
7 months

−500
−1 000

The water level of Yangtze River will be regulated to reduce its level by Three Gorges Reservoir floodgates
when there is a rainfall increase. The combined effect of
rainfall infiltration and Yangtze River water level vari-

0

500

1 000
X/m
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2 000

ation contributes to a decrease in the shear strength in the
influence zone and an increase in the seepage force. For

Fig. 14

Pore water pressure profiles along slip surface
considering the combined effect of precipitation
and Yangtze River water level variation

this reason, the FOS of the slope starts reducing due to an
increase in the deformation in some parts of the slope.

The FOSR was lower than the FOSP during the sev-

The slope stability for such a scenario should be inter-

en months. Despite a decrease in FOSP with time under

preted in terms of RSS parameters. The FOS approaches

the influence of precipitation and Yangtze River water

to the FOSR when the soil undergoes large deformation

level variation, it was greater than 1 throughout the 7

(i.e., as the soil reaches RSS stage).

months period. The shear strength parameters used in

5 Conclusions

these analyses were derived from consolidated undrained direct tests. The values of FOS can be greater
than the current values if the effective shear strength
parameters were used. In other words, the slope would be
stable throughout the 7 months if the PSS was used in the
analysis. These results however are inconsistent with the
in-situ slope behavior because of a significantly large
displacement that has occurred between the third and
seventh month (Fig. 3). For this slope, since a large deformation has occurred, residual values of shear strength
should be used instead of peak values. The FOS was
overrated due to the use of PSS throughout the slope,
which is a limiting case. In other words, the RSS should
be considered in the slope stability analysis for reliably
modeling the slope behavior.
However, using the RSS throughout the slope is another limiting scenario, which contributes to a lower
FOS. Typically, the deformations within a slope are not
uniform. In some parts where the deformation is large,
the RSS parameters should be used. However, the PSS
should be used if the deformation is relatively small. In
other words, the variation of shear strength parameters
associated with the magnitude of deformation should be

In this paper, reactivated Outang landslide near the
Three Gorges Dam in China was revisited and analyzed.
The landslide was activated by the combined influence of
rainfall infiltration and Yangtze River water level variation during the recent years (Fig. 3). The results of
laboratory experiments and field measurements were
used to analyze the failure mechanism associated with
this landslide. A series of slope stability analysis were
conducted using Geoslope based on the peak shear
strength (PSS) and the residual shear strength (RSS) parameters. The following conclusions can be drawn from
this study:
1) The site investigations suggested that the heavy
precipitation and Yangtze River water level decrease
contributed the sliding mass of an old landslide begin to
slide again along the weak zones sandwiched between
sliding mass and bedrock.
2) For the soils in the sliding zones, the RSS parameters were significantly lower than the peak values.
The reduction in shear strength from peak to residual
state under unsaturated soil condition was greater than
that of saturated soil.

study, a limit equilibrium method was used in the numer-

3) The water infiltration associated with the prolonged period of rainfall could reduce the FOS of the
slope. The FOS reduction however was small. This could

ical analyses. This approach cannot consider the influ-

be attributed to the generation of two saturated zones at

established from experimental results. In the present
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the rear part of the slope, which contributed to a decrease in the shear strength. However, the extent of saturated zones was still limited.
4) The decrease in Yangtze River water level could
decrease the FOS of the slope. However, after Yangtze
River water level reached the lowest value, FOS was relatively constant. This could be mainly attributed to the
increase in the total water force caused by the decrease in
Yangtze River water level.
5) Despite the variations in hydraulic/climatic conditions, FOS decreased by 16%, when the PSS parameters were replaced with the RSS values. If PSS were used
in the analysis, the slope would still be stable even under
the combined influence of precipitation and Yangtze
River water level decrease, which was inconsistent with
the field observations. Therefore, the RSS should be considered in the slope stability analysis for reliably modelling the slope behaviors taking account strain softening.
The results of the present study are useful for the
geotechnical engineers as they highlight the role of residual shear strength behavior in the slope stability of unsaturated soils.
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