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Abstract Jurassic strata prone to slope failure are widely

distributed in the Three Gorges Reservoir region. The limit

equilibrium method is generally used to analyze the sta-

bility of rock slopes that have a single failure plane.

However, the stability of a stratified rock mass cannot be

accurately estimated by this method because different

bedding planes have variable shear strength parameters. A

modified limit equilibrium method is presented with vari-

able water pressure and shear strength used to estimate the

stability coefficient of a sloping mass of stratified rock and

to identify the potential sliding surface. Furthermore, an

S-curve model is used to define the spatial variations of the

shear strength parameters c and / of the bedding plane and

the tensile strength of the rock mass. This model can also

describe the variation of strength parameters with distance

from the slope surface, which depends on the reservoir

water level. Also, it is used to evaluate the stability of the

Qianjiangping landslide, located at Shazhenxi Town, Zigui

County, Three Gorges Reservoir area, China. The results

show the most probable sliding surface is the interface

between a slightly weathered layer and subjacent bedrock.

When reservoir water rises above the elevation of the slide

mass toe, the stability coefficient of the slope declines

sharply. When the reservoir water level is static at 135 m,

the stability coefficient decreases gradually as the phreatic

line changes as a result of heavy rainfall.

Keywords Stratified rock slope � Bedding plane � Slope
stability � Plane failure � Limit equilibrium

Introduction

Rockslides are one of the most widespread and frequent

hazards on Earth. Every year these disasters result in terrible

loss of life and losses of billions of dollars, while also

impacting socio-economic and cultural activities, communi-

cation and transport services, basic facilities and utilities, etc.

Stratified sedimentary rocks cover two thirds of Earth’s

land surface (77.3 % in China). Many stability problems of

stratified rock result from human activities, and the fre-

quency of related disasters is increasing. Planar failure is

one of the most common causes of rockslides, and these

generally occur in stratified rock masses (Gencer 1985;

Dong et al. 2012; Ching et al. 2013). The stratified struc-

ture of a rock mass is typically acquired during sedimen-

tary deposition, but planar structures such as foliation or

schistosity can also be produced by metamorphism. This

process can cause differences in material composition,

particle size, fabric, or mineral orientation that results in

rock stratification (Yang and Yin 2006). The dips and

mechanical parameters of bedding planes thus formed in

naturally stratified rocks have significant effects on rock

mass strength and stability. Therefore, the appraisal of

slope stability in stratified rock masses is complex because

dominant discontinuities lead to a highly anisotropic

behavior (Fortsakis et al. 2012).

The problem of rock slope stability is an active field of

research in engineering, and much work involving many
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different methods has been devoted to this problem (Qin

et al. 2001; Chen 2004; Eberhardt et al. 2005; Yang and Zou

2006; Li et al. 2008; Hammouri et al. 2008; Pantelidis 2009;

Taghavi et al. 2010;Ghazvinian et al. 2013;Gong et al. 2013;

Tiwari 2015). In general, the primary methods for rock slope

stability analysis can be classified into the following cate-

gories: (1) conventional methods; (2) numerical simulation;

and (3) in situ and model tests. Furthermore, the conven-

tional methods are divided into kinematic analysis, limit

equilibrium analysis, probability analysis, rock mass clas-

sification systems analysis, and physical modeling techni-

ques. The numerical methods of rock slope analysis can be

divided into continuum modeling (e.g., finite-element and

finite-difference), discontinuum modeling (e.g., distinct-

element and discrete- element), and hybrid modeling.

At present, the limit equilibrium method plays a major

role in practical slope or landslide engineering because its

simplicity endows it with advantages over more sophisti-

cated analysis methods (Eberhardt et al. 2004; Li et al.

2008; Liu et al. 2008; Zhou and Cheng 2013; Xu and Wang

2015). Ching et al. (2013) proposed a model for the rock

pressure induced by an excavation/cut in sedimentary rocks

to account for sliding along parallel bedding planes.

However, these methods are restricted by the requirement

that single valued parameters describe the slope charac-

teristics (Johari et al. 2013). In actuality, the shear strength

of a rock mass is spatially variable due to differences in

lithology, composition, weathering, discontinuities, cli-

mate, carbonation, relief, vegetation cover, and human

activities. This inherent variability of shear strength affects

the accuracy of slope stability calculations made by the

limit equilibrium method. Furthermore, the limit equilib-

rium method is generally used to analyze the stability of

rock slopes where a single failure plane is present. Many

potential sliding surfaces exist in real stratified rock masses

and these should be considered together to determine the

stability coefficient.

This study develops a modified limit equilibrium

method for determining the stability of stratified rock

masses. Specifically, spatial variations of rock strength

caused by discontinuities are introduced through this

method. The change in rock strength along the bedding

surface with reservoir water level is described by the S

curve model. Meanwhile, this method introduces the idea

of determining the spatial variations of rock strength and

water pressure according to the phreatic line calculation in

reservoir slope.

This method is used to study the stability of the Qian-

jiangping landslide, which is developed on Jurassic strata

with weak interlayers. This landslide is located at Shaz-

henxi Town, Zigui County, Three Gorges Reservoir area,

China (Fig. 1). It is situated about 5 km upstream of the

confluence of the Qinggan River and the Yangtze River.

The landslide occurred only 43 days after the impound-

ment of the Three Gorges Reservoir. The calculations

reveal the instability in the various processes and mecha-

nisms of the landslide.

Spatial variation model of strength parameters
of rock mass and rock discontinuities

Field investigations indicate that the cohesion c and friction

angle / of a bedding surface change at different slip surfaces.

Moreover, as is common sense, the shear strength of rock

discontinuities adjacent to a slope surface is usually lower

than that at greater depth. This aeolotropism of strength is

also affected by spatial variations of the above-mentioned

factors. Reservoir operations and engineering activities can

cause significant variations in the moisture content and

mechanical parameters of rock masses (Liu et al. 2004). Lu

(2010) studied the variation rules of the rock discontinuity

shear strength with different moisture contents. The strength

of a rock mass can be affected by changing reservoir levels,

but there is less influence deeper in the mass.

The shear strength of the potential failure plane deter-

mines the resistant force, thereby controlling the stability

of the rock slope. However, the shear strength of rock

discontinuities is treated as a constant in the original for-

mula for planar failure analysis. Hence, the original method

cannot be used to accurately analyze slope stability in

dynamic situations.

The S-curve model, which describes the progressive

transition from one value state to another, is often

expressed in units of time or distance. This model has been

widely used in statistical and empirical analysis in fields

like sociology, biostatistics, clinical medicine, and mar-

keting management. It has also been used to describe

strength variations along landslide rupture surfaces (e.g.,

Tang et al. 2015). The variable of interest increases non-

linearly and continuously, such that the variation trend is

shaped like the letter S. This characteristic is well suited for

illustrating the variations of rock mass strength including

shear strength parameters c and /, as shown in Fig. 2.

According to the S-curve model, the strength can be

defined as follows:

SðdÞ ¼ A

1þ e�rðd�bÞ þ H; ð1Þ

where S(d) denotes the strength of the rock mass or rock

discontinuities, d is the distance to the slope surface along

the bedding surface, and H is the lowest strength of the

rock mass or rock discontinuities (saturation strength)

usually occurring near the slope surface. The strength of

the rock or discontinuities at greater depth or distance is

little affected by the water, so it has a much higher value
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equal to A ? H, where A is the difference between the

lowest (saturation strength) and the highest (natural

strength). The contrast between curves S1 and S2 in Fig. 2

illustrates the influence of coefficients A and H. Factors

b and r are coefficients that control the position and shape

of the S-curve. Factor b represents the distance to the slope

surface when the strength is equal to the mean value of the

lowest and the highest strength; this factor controls the

position of the S curve, as illustrated by the contrast

between S1 and S3 in Fig. 2. Factor r controls the rate of

change between the lowest and highest values, and thus

governs the shape of the S curve, as shown by the contrast

between S3 and S4 in Fig. 2.

The shear strength parameters / and c of a bedding

plane are calculated in rectangular coordinate systems and

the origin coordinate for each bedding plane is defined as

its intersection with the slope face. On the basis of the

S-curve model, the equations describing shear strength

parameters /, c along the bedding surface are:

Fig. 1 Location map of

Qianjiangping landslide

Fig. 2 Relationship between strength parameters and distance to

slope surface
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/ðdÞ ¼ A/

1þ e�r/ðd�b/Þ
þ H/

cðdÞ ¼ Ac

1þ e�rcðd�bcÞ
þ Hc

9
>>=

>>;

; ð2Þ

where H/ and Hc are the saturation shear strength of rock

discontinuities. Also, A/ and Ac are the differences

between the saturation and nature shear strength parame-

ters, and b/, bc, r/ , and rc control the shape and midpoint

position of the shear strength function. H/, Hc, A/ , and Ac

are obtained through sets of direct shear tests on specimens

taken from the bedding surface.

The S curve reflects a gradual transition from one

extreme value to another. The band width Dd is the interval
where change occurs, starting from the lowest extreme

value H and ending when the highest value H ? A is

effectively attained. Zou et al. (2012) showed that Dd can

be estimated if a limit of error d is defined:

d¼ 1

erDd=2 þ 1
ð3Þ

For example, assuming a limit of error d = 0.1 %, the

value of rDd & 13.8 can be obtained.

The shear strength parameters c and / of the

potential plane not only change with the distance to

slope surface, but also change with time if the reservoir

water level varies. Here, the parameter b of shear

strength in S curve model is a function of time that can

describe the stability evolution of rock slope as the

reservoir level fluctuates. The shear strength parameters

/ and c along the bedding surface can be illustrated by

the following equations:

/ðd; tÞ ¼ A/

1þ e�r/ðd�b/ðtÞÞ
þ H/

cðd; tÞ ¼ Ac

1þ e�rcðd�bcðtÞÞ
þ Hc

9
>>=

>>;

; ð4Þ

where b/ and bc are calculated as follows:

bðtÞ ¼ b/ðtÞ ¼ bcðtÞ ¼
1

2
ðdnðtÞ þ dsðtÞÞ ð5Þ

In the above (see in Fig. 3), b is the distance from the

slope surface to the intersection of the phreatic line and

bedding surface. dn is the distance from slope surface to the

slope surface in natural state, and ds is the distance from

slope surface to the slope surface in the saturated state.

Note that b is determined by calculating the phreatic line

inside the reservoir slope.

Wu et al. (2009) derived an approximate analytical

method to estimate the phreatic line position as a function

of reservoir water level and rainfall. The initial value is a

steady flow condition and the typical geological section is

shown in Fig. 4.

The hydraulic head of the initial state is calculated as

below, which is a modified Dupuit model, adjusted to

accommodate a sloping impervious lower boundary:

H ¼ x tan h0

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x

L
ðH2

2 � H2
1Þ þ H2

1 � xH2 tan h0 þ
x2

4
tan2 h0

r

ð6Þ

The parametric values for H, h1, h2, H1, H2, L, x, and h0
are shown in Fig. 4.

The hydraulic head of transient flow model is calculated

as below:

Hðx; tÞ ¼ sðx; tÞ þ Hðx; 0Þ ð7Þ

in which

sðx; tÞ ¼ vtRðkÞ þ 1tð1� RðkÞÞ ð8Þ

Here R(k) is calculated as

RðkÞ ¼ ð1þ 2k2ÞerfcðkÞ � 2k
ffiffiffi
p

p e�k2

erfcðkÞ ¼ 2
ffiffiffi
p

p
Z 1

k
�et

2

dt; k ¼ x

2
ffiffiffiffi
at

p

a ¼ KHm

l

9
>>>>>>=

>>>>>>;

; ð9Þ

Fig. 3 Shear strength along the bedding surface

Fig. 4 Typical section of reservoir wall showing the variable position

of the water table
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where K is average coefficient of permeability, Hm is the

average height of aquifer, l is the specific yield, v is the

speed of water rise (?) or fall (-), and f is calculated from:

1 ¼ w

l
; ð10Þ

where w is the rainfall intensity.

Calculation method and model for stability
analysis of bedding rock slope

Planar rock slope failure occurs when a mass of rock slides

down and along a relatively planar, inclined failure surface.

Such failure surfaces are usually structural discontinuities

such as bedding planes, faults, joints, or the interface

between bedrock and an overlying layer of weathered rock.

Instability arises if the critical joint dip is less than the

actual slope angle, which occurs when the shear strength of

the joint is not sufficient to offset the driving forces.

The study of planar failure mechanisms provides insight

into the behavior of rock slopes; the limit equilibrium

approach is one of the most efficient ways to analyze the

stability of a rock mass assuming incipient failure along a

potential slip surface. In this method, the material above

this surface is considered a ‘‘free body’’. The disturbing

and resisting forces are estimated, enabling the formulation

of equations concerning force equilibrium or moment

equilibrium (or both) of the potential slide mass. The sta-

bility coefficient is then defined as the ratio of resisting

forces to driving forces.

Resisting forces include the shear strength of the failure

plane and other stabilizing forces. The driving forces

consist of the down-slope component of the weight of the

slide block, forces generated by seismic acceleration or by

water pressure acting on the block, and external forces on

the lower slope surface.

Landslides in the reservoir area have gentle lower slopes

and steep upper slopes. Many landslides, including

Zhaoshuling Landslide, Hongshibao landslide, and the

Huangtupo landslide, have the same topographic and

geologic setting, and these masses have also been desta-

bilized by human activities. The stability of such landslides

can be analyzed by the typical double slip bedding surfaces

based on their specific structure. The double planes below

the sliding rock mass are analyzed by using the limit

equilibrium method, as shown in the theoretical model

(Fig. 5).

First, the reacting force R1 acts on the bedrock under the

sliding surface AB, and can be decomposed into the hori-

zontal and vertical directions of the slope surface. The

horizontal component force is R1h and the vertical com-

ponent force is R1v.

R1h ¼ G1 cos b1 tan/1

R1v ¼ G1 cos b1

(

ð11Þ

Thus, R1 can be estimated from:

R1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
1h þ R2

1v

q

¼ G1 cos b1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tan/2
1 þ 1

q

ð12Þ

The stability coefficient g2 of this kind of slope can be

obtained from the following equation.

g2 ¼
G2 cos b2 tan/2 þ F1 sinðh� b2Þ tan/2 þ C2L2

G2 sin b2 þ F1 cosðh� b2Þ
;

ð13Þ

where /1 and /2 are the friction angle of the sliding surface

AB and BC, G1 and G2 are the weight of the upper part

(I) and the lower part (II), respectively, b1 and b2 are the

dip angle of plane AB and BC, respectively, and F1 is the

reaction force applied by the upper part (I) with force

direction angle h; C2L2 is the resistant force caused by

cohesion C2 of slope surface with the length L2.

In this equation, the effect of water has not been taken

into consideration. This is a limitation because in reservoir

areas it is known that high water levels caused by

impoundment can have an important, typically negative

impact on slope stability, particularly if the level reaches

the landslide toe. In particular, the lower part of the rupture

surface is affected by variations of the reservoir water

level, which can reduce its shear strength and increase the

pore pressure.

Here, we attempt to develop a model that considers

multiple layers, including the water effect; it also accounts

for the spatial variability of strength parameters and the

water pressure. The water level is assumed to have an

effect on the lower plane. In order to give a brief derivation

process, the weight of the upper part IG1i and the lower part

G2i are given out directly.

In this model the bedding surface AiBiCi is assumed to

be the failure surface (Fig. 6). The force of water USi,

acting on the inundated part of the slope surface where area

increases with the water level, is calculated as follows:

Fig. 5 Model of planar failure with double planes
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USiðtÞ ¼
1

2
cwðhwðtÞ � hiÞ2= sin a ð14Þ

The US can be analyzed into two parts Ni, Pi perpen-

dicular and parallel to the plane BiCi.

NiðtÞ ¼ USiðtÞ cosða� b2iÞ ð15Þ
PiðtÞ ¼ USiðtÞ sinða� b2iÞ ð16Þ

The water force acting on the plane BiCi, US, is calcu-

lated as follows:

UBiðtÞ ¼
1

2
cwðhwðtÞ � hiÞðbðtÞ þ

1

2
DdÞ ð17Þ

The weakening effect on the shear strength of bedding

surface caused by an increase in the reservoir level is

considered as follows.

Firstly, the phreatic line inside the slope is calculated by

Eq. (7). Comparing the result with the position of the

bedding surface, the part remaining in the natural state can

be determined. It is important to remember that the phreatic

line calculations influence the sliding surface location and

reveal how long it has been immersed in water.

Then Eq. (4) was used to calculate the distribution of the

shear strength along the bedding surface. Then c1i, c2i, /1i,

and /2i at different positions were obtained.

C1iðtÞL1i ¼
Z L1

0

ci1ðx1; tÞdx1

/1iðtÞ ¼
1

L1

Z L1

0

/i1ðx1; tÞdx1

C2iðtÞL2i ¼
Z L2

0

ci2ðx2; tÞdx2

/2iðtÞ ¼
1

L2

Z L2

0

/i2ðx2; tÞdx2

9
>>>>>>>>>>>>=

>>>>>>>>>>>>;

ð18Þ

The F1i was analyzed into two components Fix and Fiy:

in horizontal and vertical directions, respectively.

FxiðtÞ ¼ G1i cos b1i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 /1i

p
sinðb1i � /1iÞ

� C1iðtÞL1i cos b1i ð19Þ

FyiðtÞ ¼ G1i � G1i cos b1i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 /1i

p
cosðb1i � /1iÞ

� C1iðtÞL1i sin b1i ð20Þ

F1iðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

FxiðtÞ2 þ FyiðtÞ2
q

ð21Þ

hi ¼ arctan
FyiðtÞ
FxiðtÞ

ð22Þ

The stability coefficient gi of the slope was obtained by

the following equation.

giðtÞ ¼
W1i þW2i þW3i þW6i þW7i

W4i þW5i

W1i ¼ G2i cos b2i tan/2iðtÞ
W2i ¼ F1iðtÞ sinðhi � b2iÞ tan/2iðtÞ
W3i ¼ C2iðtÞL2i
W4i ¼ G2i sin b2i
W5i ¼ F1iðtÞ cosðhi � b2iÞ
W6i ¼ ½�UBiðtÞ þ NiðtÞ� tan/2iðtÞ
W7i ¼ PiðtÞ

8
>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>:

ð23Þ

With these equations the most dangerous position for

the potential slip surface was located by calculating the

stability coefficient through a large number of trials. This

is the surface that gives the minimum safety factor for

the slope in conventional terms and is theoretically the

critical slip surface. Moreover, the relationship between

the stability of the rock slope and the reservoir level can

be revealed by calculating the stability of the different

layers.

Case study of Qianjiangping landslide

Dimensions and features

The study area is a tectonically active region of middle and

low mountains that is deeply incised by the Yangtze River

and its tributaries. Steep slopes develop on soft, erodible,

thin bedded sediments that are widespread in this area.

Therefore, landslides are common, particularly near the

major river channels.

Qianjiangping landslide developed along weak bedding

planes in Jurassic strata that generally dip about 30� to the

SE, down slope and toward the river. This tongue-shaped

mass has a length of 1,150 m, a width of 600 m, and an

average thickness of 30 m (in Fig. 7). The indicated total

area is[0.69 km2 and the volume is 21 9 106m3. The

main scarp has a maximum elevation of 450 m, but it

Fig. 6 Model of rock slope with bedding planes
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extends down to river level (Fig. 8, red dotted line). On

July 14, 2003 the slide mass moved about 250 m toward

S45� E, all within a period of 1–5 min. The slide mass is

thinner in the main body and thicker at the foot. The dip

angle of the lower rupture surface is mostly coincident with

bedding in the upper part, but it becomes nearly horizontal

at the toe of the landslide. Case histories show that slope

failure in this region is common where the Jurassic strata

have steep, downslope dips toward major rivers.

The landslide is bounded to the east, south, and west by

a pronounced incised meander in the Qinggan River, a

tributary of Yangtze River (Fig. 8). The water level of the

Qinggan River rose from 95 m to 135 m in June 2003,

immediately after impoundment of the Three Gorges

reservoir and only a few weeks before the landslide event.

Geology and structure

The Qianjiangping landslide is a bedding controlled land-

slide. The local stratigraphic section is, from top to bottom,

alluvium, clay, and gravel of Quaternary age, feldspathic

quartz sandstone of Upper Jurassic–Cretaceous age, and fine

sandstone with carbonaceous shale, siltstone with mudstone,

and silty mudstone of the Middle to Lower Jurassic Nieji-

ashan formation (J1–2n). The sandstone is interbedded with

weak silty mudstone and shale layers. The greater region is

structurally complex and tectonically active. The rapid

incision of the Yangtze River, thought to have occurred in

response to Quaternary tectonic uplift (Li et al. 2001; Four-

niadis and Liu 2007; Li et al. 2012), has produced unsta-

ble slopes along its banks in numerous places. Field

investigations show that fractures and discontinuities are

abundant in the slightly weathered bedrock. The dip direc-

tion of the strata is reversed near the Qinggan River.

Hydrology and Hydrogeology

The Qinggan River has several tributaries and gullies. The

gullies usually are dry but carry significant intermittent

flows during the rainy season. The north bank of the

Qinggan River, proximal to the landslide is a consequent

slope with dip angle between 20� and 30�, while the south

bank slope is an obsequent topographic surface.

Groundwater data in the vicinity of the landslide are

limited. Data obtained from the bore holes on the landslide

show that the phreatic zone within the slope material is

very deep below the surface. Artesian contact springs were

observed along planes of discontinuities and contacts

between the dipping sandstone and mudstone units.

Groundwater recharge and levels are mainly controlled by

Fig. 7 Topography of the

Qianjiangping landslide after

2003 (after Jian et al. 2014)
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the amount of rainfall, the infiltration rate and the level of

reservoir water. Additionally, boring revealed that a highly

fractured, 1–2 m-thick zone of bedrock immediately

underlies the main slip zone, while the deeper bedrock was

only slightly fractured; this indicates that the bedrock

immediately below the slip zone is much more permeable.

Possible factors of promoting sliding

Qianjiangping landslide was a result of both internal and

external factors. Internal factors include the loose accu-

mulation of the slide mass, significant geomorphic features,

and weak bedding surfaces. External factors include the

sharp rise of the reservoir water level in June 2003, coin-

cident with the heavy rainfall season.

Qianjiangping landslide occurred immediately after a

period of nearly continuous rainfall from June 21 to July 11

in 2003. Also, the water level of the Qinggan River rose

rapidly from 95 m to 135 m above sea level (asl) shortly

after impoundment of the Three Gorges reservoir, which

was initiated on June 1, 2003 (see below; Jian et al. 2014).

Many studies show that this landslide was triggered by

the combined effect of this reservoir water rise and heavy

rainfall. Groundwater data around the Qianjiangping

landslide area and its environs are limited, but it is clear

that the groundwater level near the toe of the landslide was

influenced by the rapid increase in the reservoir level. This

effect further triggered the destabilization of the mass.

The erosion by the river at the toe of the slope also

decreased the stability of the slope. Based on these reasons,

the following failure analysis process primarily focuses on

the rainfall effect and water effect caused by reservoir

impoundment at the foot of the sliding zone.

Basic mechanism analysis

With the rising of the reservoir water level and the rainfall

effect, the water gradually seeped from the slope surface

into the interior of landslide body and the water capacity

inside the slope changed in different reservoir filling stages.

According to the laboratory investigations by Cao et al.

(2007) and Li et al. (2013), the shear strength and defor-

mation properties of slip zone soils of Qianjiangping

landslide were highly influenced by the variations in soil

moisture. The reservoir impoundment mainly affected the

foot of Qianjiangping landslide, the effect of shear strength

reduction at the foot of the slide mass was the most crucial

factor in the landslide’s initiation. The shear strength

weakening of the slip zone in the lower layers of this

landslide was demonstrated to have the strongest influence

on the landslide’s stability (Wen et al. 2008). More

specifically, the lower layers were gradually soaked in

water during the reservoir filling process. Affected by

saturation and softening effects by water, the strength of

slide mass and sliding zone would decrease correspond-

ingly, reducing the stability of the slope. Also, with the

water level increasing, the buoyant force at the lower layers

also decreased the resistance force at the slope-toe. (Wang

et al. 2008). The variations of resistance force changed the

mechanical balance of slide mass and resulted in the slope

Fig. 8 Front view of the

landslide, looking NW (after

Jiang et al. 2012)
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failure which developed along bedding planes of weak

rocks. Thus, the Qianjiangping landslide occurred due to

the combined influence of impoundment of Three Gorges

reservoir and durative rainfall.

Failure process analysis of the landslide

Site investigations immediately following the landslide

event report that the factory buildings on the slide mass and

trees in the middle of the landslide remained standing. This

observation indicates that the angle of the sliding surface

remained constant, and no rotation occurred. The stabilities

of sedimentary rock masses are typically controlled by the

topographic slope and dipping bedding planes. The sta-

bility of this type of slope can be analyzed by the limit

equilibrium method.

Furthermore, with reference to the degree of borehole

data and weathering of the strata, the slide mass can be

divided into two layers from top to bottom.

(1) The highly weathered layer is a loose, 5–15 m thick

aggregate that includes fragments of Middle Jurassic

mudstone and argillaceous siltstone enclosed in a matrix of

clay and alluvial material. (2) Beneath this is a

20.0–40.0 m thick zone of slightly weathered, Middle

Jurassic muddy siltstone and fine sandstone. Fractures are

well developed, but the rocks and bedding remain intact.

The geological parameters of the slide mass are different

in highly the weathered layer and slightly weathered layer.

In the highly weathered layer, the saturated unit weight is

23.5 kN/m3; the bulk modulus is 6.94 9 108Pa; the shear

modulus is 1.81 9 108Pa; the cohesion is 100 kPa; the

friction angle of 30�; the tension strength is 2 9 106Pa.

Moreover, in the highly weathered layer, the saturated unit

weight is 25.5 kN/m3; the bulk modulus is 1.11 9 1010Pa;

the shear modulus is 4.55 9 109Pa; the cohesion is

150 kPa; the friction angle of 40�; the tension strength is

4 9 106Pa (Luo et al. 2007). According to grain size dis-

tribution of the slip zone soils by Cao et al. (2007), the

grain size over 2 mm is 49–53 %. The natural density and

dry density of the slip zone soil are 2.03 and 1.79 g/cm3,

respectively; water content is 13.5 %; void ratio is 0.52; the

degree of saturation is 70.2 %; the liquid limit is 34.7 %;

and plastic limit is 18.3 %.

Based on the geological data and characteristic features

on the landslide, a general pre-failure topographic and

geological profile of the Qianjiangping slope can be

inferred (Fig. 9). Before calculation, it is assumed that both

the weathered layer dividing surface and the top surface of

the bedrock are potential sliding surfaces.

Wen et al. (2008) performed a sensitivity analysis to

evaluate the contribution of various sliding factors. The

study reveals that the stability of Qianjiangping landslide is

Fig. 9 Reconstructed

geological cross-section of the

Qianjiangping landslide,

a reconstructed before failure,

and b after failure
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most sensitive to cohesion at the foot of the landslide’s slip

zone, followed by uplift pressure, internal friction angles of

the zone, and the unit weight of the slide mass material.

Reservoir impoundment mainly influenced the foot of the

Qianjiangping landslide. The study also found that the

effect of shear strength reduction at the foot of the slide

mass was the most crucial factor in the landslide’s

initiation.

Water is the most sensitive factor affecting the shear

strength. The spatial variability of strength parameters has

been introduced in the force equilibrium and failure plane

strength principles. Water level data obtained from the

Three Gorges Reservoir (Fig. 10) shows that the history of

reservoir filling can be divided into three stages. In our

calculations, we chose the Carbonaceous shale as the water

resisting layer with the dip of 11.18�; average coefficient of
permeability K = 0.58 m/d, average height of aquifer

Hm = 64.48 m and specific yield l = 0.032; the speed of

water rise v1 = 0.247 m/d (Stage 1), v2 = 3.152 m/d

(Stage 2), and v3 = 0 m/d (Stage 3); the rainfall intensity

w1 = 0 mm/d (Stage 1), w2 = 0 mm/d (Stage 2), and

w3 = 5.667 mm/d (Stage 3).

Phreatic lines inside the reservoir slope were calculated

by Eq. (7). The results (Fig. 11) show the relationship

between the phreatic line and two potential failure surfaces

from May 1 to July 13 before the Qianjingping landslide

occurred.

In Fig. 11, 1074 m at the slope surface represents the

river shore, a position corresponding to Fig. 4 the distance

(0). Also, b is the parameter of the S curve model men-

tioned in Eq. (5).

The intersections of the phreatic line and the potential

sliding surfaces were calculated, including the position of

the highly weathered and slightly weathered layers

(Figs. 12, 13, 14).

b01 ¼ 8:14t þ 0:48 ð24Þ

b02 ¼ 12:85t þ 2:12 ð25Þ

b001 ¼ 44 ð26Þ

b002 ¼ 2:52t þ 150:17 ð27Þ

The bandwidth Dd in the S curve model, representing

the distance from the natural state to the saturation state, is

22 meters.

According to the limit of error d disused before, the

value of rDd & 13.8. So the parameter r = 0.627 can be

obtained.

As can be observed (Figs. 15, 16), the friction angle and

cohesion of both potential sliding surfaces of the lower

layer were unchanged in Stage 1 (May 1–24, 2003). In

Stage 2 (May 25–June 11, 2003), the friction angle and

cohesion remained constant along the potential sliding

surface 1 from May 25 to June 30, and then a gradual

transition on the strength distribution along the sliding

surface appeared. From May 31 to June 11, the shear

strength declined to the saturation value in the areas

immersed in water and the shear strength kept the natural

value in other part of the potential sliding surface at the

lower part of Qianjiangping landslide. By contrast, as the

potential sliding surface 2 is higher than surface 1, the

shear strength distribution was not affected by the water

until June 5. Thus, the distribution changed during the

period from June 6 to June 11. In Stage 3 (June 12-July 13,

2003), with growing areas of the potential sliding surface 1

submerging in water, the saturation shear strength spread

along most part of the sliding surface. In Fig. 11c, the

Fig. 10 The conditions of

water level rise from May 24 to

July 14, 2003. Water levels

from Three Gorges Co. (2014).

Lines L1 and L2 refer to the

levels on the landslide toe as

shown in Fig. 9
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intersection of the phreatic line and bedding surface

showed little change in Stage 3, and therefore, the friction

angle and cohesion distributions along the potential sliding

Fig. 11 Phreatic lines inside the slope calculated by Eqs. 6–10 before

the Qianjingping landslide event. a Stage 1 (May 1–24, 2003);

b Stage 2 (May 25–June11, 2003); c Stage 3 (June 12–July 13, 2003).

The horizontal axis represent horizontal locations inside of the

landslide to the north shore of the river at 1074 m

Fig. 12 Parameter b01 in S curve model fitting from June 6 to June 11

Fig. 13 Parameter b02 in S curve model fitting from May 31 to June

11

Fig. 14 Parameter b00 in S curve model fitting from June 11 to July 13
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surface 2 of the lower layer maintained the same as the

situation at the end of Stage 2.

The unit volume of the upper highly weathered layer V1

is 19,500 m3, the unit volume of the upper slightly

weathered layer V2 is 23,100 m3, the unit volume of the

lower highly weathered layer V3 is 3433 m3, and the unit

volume of the lower slightly weathered layer V4 is

6467 m3. The unit weight of the highly weathered layer

and the slightly weathered layer are 22.5 kN/m3 and 24.5

kN/m3, respectively. The shear strength components of

upper and lower layers of Qianjiangping landslide are

tabulated in Tables 1, 2.

Detailed stability analysis is performed to quantify the

degree of stability of the Qianjiangping slope using the

modified limit equilibrium method for the case of double

slip bedding surfaces. The result of the stability coefficient

is presented in Fig. 17.

The impoundment of Three Gorges Reservoir began on

June 1, 2003. The water level of the Qinggan River rose

rapidly to almost 135 m by June 16, 2003 (Fig. 10). During

this period, the stability coefficient of the lower bedding

surface declined sharply from 1.77 to 1.28. The stability

coefficient of the upper bedding surface declined slowly

until the water level reached the front part of these beds on

June 6, 2003. Before that time, the stability coefficient was

nearly static and the water effect was not obvious. After

June 16, the reservoir water level was maintained at 135 m.

Subsequently the stability coefficient of the lower bedding

surfaces declined slowly, being affected only by the ret-

rogression of bedding surface shear strength caused by the

rainfall effect.

The curve for stability coefficient variations shows

that the stability of the upper bedding surface was

smaller than the lower surface before June 18. However,

the stability of the upper bedding surface was higher

than the lower surface during the rest of the time.

Overall, the stability coefficient decline rate of the upper

bedding surface is smaller than that of lower one.
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Therefore, our model shows that the lower bedding

surface is the most probable sliding surface, in accord

with observation.

On July 12, the stability coefficient of the lower bedding

surface declined to 0.998 which means the slope became

critical. Field investigations indicate that the slope under-

went large deformation. On July 13, the stability coefficient

of the lower bedding surface declined to 0.989, and the

landslide occurred along this surface in the early morning,

nearly at 00:20 on July 14, 2003.

Discussion

The Three Gorges Project (TGP) in Hubei Province, China,

is the one of the largest hydro-development projects in the

world. Slope instability is a recurring problem in this area

due to the presence of thin layers of mud and carbonaceous

shale intercalated with siltstone and sandstone beds. These

lenses are considered very weak zones, especially in the

presence of water, and function as sliding surfaces when a

considerable amount of water is absorbed.
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Fig. 16 The friction angle and cohesion distributions along the potential slide surface 2 of the lower layer before the Qianjingping landslide

event

Table 1 Shear strength

components of upper layers of

Qianjiangping landslide

Slip zone length (m) Dip angle (�) Cohesion (kPa) Internal friction angle (�)

Potential sliding surface 1 864.88 18.55 65.00 16.00

Potential sliding surface 2 830.09 22.87 15.00 11.00

Table 2 Shear strength

components of lower layers of

Qianjiangping landslide

Slip zone length (m) Dip angle (�) Hc (kPa) Ac (kPa) Hf (kPa) Af (kPa)

Potential sliding surface 1 242.67 1.65 12 50 10 6

Potential sliding surface 2 286.68 1.12 52.80 328.2 20.8 12.3
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Landslides in the reservoir area always have steep upper

slopes and gentle lower slopes. Therefore, it is important to

evaluate reservoir landslides and the effect of reservoir level

variations and rainfall. Stability analysis can be made for the

case of double slip bedding surfaces in a stratified setting.

The spatial variation of strength parameters of rock mass

and rock discontinuities discussed in this paper is based on

the S-curve model. This model is a straightforward way to

estimate the spatial variability of shear strength parameters

c and /. Furthermore, in this modified limit equilibrium

model for stratified rock masses, the strength spatial vari-

ations of rock discontinuities, and rock mass are intro-

duced. Note here that this strength parameter model of rock

mass and rock discontinuities sometimes cannot exactly

describe the spatial variability of strength parameters.

Nevertheless, the main idea of stability coefficient calcu-

lation for a stratified rock slope is still valid and variable

strength parameters are required inputs.

The sliding surface of an unstable rock mass may consist

of a single plane that underlies the entire landslide or a

complex surface that includes both discontinuities and

fractures through intact rock (Duncan and Christopher

2005). Here, the sliding surface is determined by the bed-

ding surface, which is different from the failure mode, in

which the propagating cracks could extend and coalesce

with neighboring joints resulting in the development of a

continuous failure plane. The method developed in this

paper is appropriate for analyzing the stability of stratified

rock slope with an undeveloped main joint crack.

Conclusion

A modified limit equilibrium method for predicting the sta-

bility of a sedimentary rock slope with flat bedding planes is

proposed with double slip bedding surfaces. This method

provides amore realisticway to calculate the stability factor of

bedding rock slopes than the conventional limit equilibrium

method because: (1) the phreatic line inside the reservoir wall

is considered; (2) the spatial variability of strength parameters

of bedding plane discontinuities is also considered; (3) vari-

ations of the strength functions are accounted by the S curve

model; (4) the effect of water pressure acting on the slope

surface and different bedding layers is included; and (5) the

effect of shear strength reduction of the bedding surface is

reflected by the variability of strength parameters in time and

space by S curve model.

The impoundment of the Three Gorges reservoir clearly

destabilized many landslide masses including the Qian-

jiangping landslide. The stability coefficients of slide mass

with different layers and water level fluctuations reveal that

the weakening of the bedding surface caused by rising

reservoir water and heavy rainfall played an important role

in the landslide occurrence. The bedding surface of car-

bonaceous shale between the unweathered layer and

slightly weathered one turned out to be the most probable

sliding surface.

The modified limit equilibrium method can inform

reservoir managers and can help to evaluate the stability of

stratified rock slope masses in reservoir areas.
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