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Abstract Detailed engineering geological studies and

stability assessments were carried out on Xiari rock slope

in southwestern China. Geomorphic analysis of digital

elevation models, detailed structural field mapping and

boreholes data indicate that the slope has a poor rock mass

quality and complex deformation mechanism. The neces-

sary rock mass parameters were determined by means of

slope mass rating (SMR), geomechanic classification sys-

tem (Q) and geological strength index (GSI). Slope sta-

bility analyses were performed by means of kinematic,

limit equilibrium and numerical modeling techniques.

Analyses results indicate that slope stability is mainly

controlled by the discontinuities. The combination of dis-

continuities and topography makes the slope susceptible

for a large landslide. The major potential mode of slope

failure is planar failure. Planar failure has a higher proba-

bility in comparison to wedge failure, while wedge failure

contributes towards a more severe hazard, like the landslide

in part A of the study area. Numerical analysis results

indicate a catastrophic landslide in the future, with a vol-

ume estimated to be more than 2.5 9 106 m3.

Keywords Rock slope stability � Engineering geology �
Rock classification system � Failure mechanism �
Landslide � Numerical modeling

Introduction

The plentiful water resources and stepped terrains between

the Tibetan Plateau and Sichuan Basin are very favorable

for hydropower exploitation. But the narrow and steep

valleys in this area are prone to large-scale slope failures

(Huang 2009). Historical records and geological studies

show numerous large rock slides and slope instabilities in

this setting (Wen et al. 2004; Dai et al. 2005; Huang 2009;

Yin et al. 2009; Zhou et al. 2010; Huang and Fan 2013; Xu

et al. 2013). One of the catastrophic landslides, the Tang-

gudong landslide, occurred in 1967 and was located on the

right bank of Yalong River Valley in Yajiang City of

Sichuan Province, situated merely 3.5 km upstream of the

study area. Having poor rock mass integrity and unfavor-

able discontinuities, Xiari rock slope is considered to be one

of the major potential geological hazards in this area today.

The slope, downstream of the village Xiari, covers an area

of about 1.6 km2 that extends 1.2 km downstream and

1.3 km upslope, showing complex topography and different

deformation indications (Fig. 1). Yalong River is China’s

third largest hydropower base and 21 cascade projects have

been planned along this river (Wu et al. 2010). One of the

proposed hydropower projects is located just downstream of

Xiari slope. Due to the huge threat to the proposed hydro-

power station, the stability and potential deformation

behavior of this slope has drawn great attention.

In order to understand the stability and possible defor-

mation mechanism of a complex rock slope like Xiari, the

integration of geological, geotechnical and modeling

techniques is needed (Böhme et al. 2013). Field investi-

gation and laboratory tests can provide basic information

about slope structure and characteristics. This information

is essential for developing a geomechanical model. Rock

mass classification systems are useful tools for estimating
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rock mass quality and properties, which are especially

important for jointed rock mass (Genis et al. 2007; Justo

et al. 2009). Kinematics, limit equilibrium and numerical

modeling techniques are commonly used methods for rock

slope stability analysis (Gurocak et al. 2008). Kinematic

models are easy and helpful methods for stability analysis

of jointed rock slopes. But the kinematic analyses are over-

simplified and are often used for a first-hand assessment of

the slope stability (Stead et al. 2006; Gurocak et al. 2008).

For a thorough understanding of the deformation mecha-

nisms of the slopes and for estimating the failure dimen-

sions, numerical modeling techniques are useful.

The scope of this paper is to characterize the principal

instability mechanisms potentially affecting Xiari rock slope.

To achieve this, detailed structural fieldmapping, topographic

analysis using a digital elevation model (DEM) and charac-

terization of rock mass properties have been carried out. In

addition, kinematic analysis, limit equilibrium probability

analysis and numerical modeling analysis were also adopted

to understand the failure mechanism, failure probability, and

the potential failure dimensions of the unstable slope.

Geological setting

The study area is situated towards the east of the Qinghai-

Tibet Plateau, where the altitude decreases sharply from

the west to the east. The valley is narrow and steep with an

asymmetric V shape. The Yalong River meanders through

the study area in a direction from N60�W towards S30�W
(Fig. 2). The water level in the Yalong River at the study

location is at an elevation of about 2340 m.

The exposed bedrock in the area consists mainly of lower

Mesozoic metamorphic rocks and Yanshanian granite. The

more important lithological units are the upper Triassic

Xiduqiao and Zhuwo formations. The former forms the

upper part of the slope and the latter forms the lower part

(Fig. 2). The Xinduqiao formation comprises mainly dark

gray shale and the Zhuwo formation comprises low-grade

metamorphic sandstone. The metamorphic sandstone is

grey in color and has intermediate to thick layering. The

granite, recognized as fine-grained biotite granite, intrudes

as stocks and dikes. During the Himalayan orogeny, the

rocks were intensively reworked by the collision between

India and Eurasia that resulted in rapid uplifting of Qinghai-

Tibet Plateau in the Quaternary period. The high tectonic

stress, in addition to heavy unloading caused by fast river

erosion, has resulted in a large number of deep cracks in

Southwestern China (Qi et al. 2004; Gong et al. 2010). The

unstable slope under study is situated directly at the foot of

the granite stock. The intrusion of magma is likely to have

changed the stress pattern of the slope and caused different

deformation behavior during late tectonic activities, and

thus might explain the instability exactly at this site.

The most evident structure in the area is the Lenggu-

zihe anticline. It has an asymmetrical form, with a

Fig. 1 View of Xiari slope in the Yalong River Valley. The boundary of the study area and cross sections are also shown
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southeasterly plunge. The study area is located near the

core of the anticline, situated on the northwestern limb

(Fig. 2). Two faults, Songyu fault and Yuri fault, lie

downstream and upstream of Xiari slope, respectively.

Engineering geological appraisal of Xiari rock
slope

Xiari unstable rock slope is located on the northern slope of

Yalong River Valley. The height of the unstable slope is

about 750 m, with an elevation of 2350 m at the foot of the

slope. The whole slope orientation is about N140�/40�. A
digital elevation model was constructed based on a contour

map of 1:5000 scale with a contour interval of 5.0 m

(Fig. 3). It can be seen that Xiari slope is situated just

between two large gullies, where the upstream gully is

deeper and steeper. The upper part of the slope is covered

by debris deposit and has a gentle slope angle of less than

25�. The lower terrain of the slope is steep (about 40�) with
exposed bedrock. According to the topography and defor-

mation characteristics, we divided the lower part of the

slope into three subareas. The upstream part, subarea A,

includes a landslide of unknown age. The landslide shows a

structurally controlled failure mode. The landslide slipped

towards the outlet of upstream gully. The main scarp of the

landslide is steep with exposed bedrock. At the top of the

scarp, transverse cracks and minor scarps can be found in

the deposit. At the toe of the landslide deposit, several

landslide springs can be found. The central part of the

Fig. 2 Geological settings

plotted on elevation contours of

the study area

Fig. 3 Digital elevation model of Xiari slope: A, B and C are the

three subareas discussed in this paper; B1–B5 are the locations of

bore holes; EA is the location of the exploratory adit; the three dotted

lines are the profile sections for stability analysis
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slope, subarea B, is mostly covered by the collapsed

deposit. The bedrock exposed here is fractured. Some

freestanding blocks split by discontinuities were observed

in this area (Fig. 4). The downstream part, subarea C, is

convex with a cliff-like toe. This part shows a different

deformation pattern. Rock avalanche deposit was found

near the toe of the subarea C (Fig. 5). Between the subareas

B and C, an erosional gully has developed.

Most part of the slope surface is covered by debris

deposit. Discontinuity planes at 112 different locations

were measured, mostly in the subarea C. The poles of these

discontinuities were plotted, contoured and four major joint

sets were derived on equal-area stereographic projection

plot (Fig. 6). The orientation of these joints, which were

given as dip direction and dip angle in degrees, are N124�/
31� (J1), N221�/73� (J2), N136�/60� (J3) and N294�/51�
(J4). The spacing of joint sets J1 to J3 ranges between 0.1

and 0.5 m. Joint set J4 runs parallel to the bedding plane

with spacing varying from 0.2 to 0.6 m. The discontinuities

are moderately to highly persistent, and the joints walls are

smooth and undulating in metamorphic sandstone and

rough in granite according to the International Society for

Rock Mechanics (ISRM) (1981). The volumetric joint

count was estimated to be 30 using the empirical rela-

tionship provided by Palmstrom (2005).

Field observations indicated that the mode of existing

failures and deformation of the slope are strongly influ-

enced by the combination of different joint sets. The basal

failure surface of the landslide in subarea A was observed

to be developed along J1, where J2 and J3 served as lateral

and rear separate structures. Unstable toppled blocks in

subarea B were also delimited by the combination of joint

sets J1, J2 and J3 (Fig. 4).

Five boreholes and an exploratory adit were made in the

study area to thoroughly understand the structure and rock

mass quality of the slope. The locations of the boreholes

and exploratory adit are shown in Fig. 3. The boreholes

were vertically drilled. The top elevations of boreholes B1

to B5 were 2848, 2716, 2597, 2638, and 2606 m, and the

corresponding depths were 140.8, 101.5, 60.6, 100.7 and

112.4 m, respectively. The exploratory adit was about

200 m long in horizon at the elevation of 2532 m. Borehole

data detected that the depth of overlying soil varies from a

minimum of 4.3 m at borehole B3 to a maximum of 35.2 m

at borehole B1. The underlying rock mass was observed to

be highly weakened by unloading and tectonic movement.

Many crushed zones were observed in drilled cores. The

rock quality designation (RQD) of the rock obtained from

boreholes B1 to B5 are 14, 13, 16, 14 and 31 %, respec-

tively, with an average value of 17.6 %. The in situ rock

mass was consequently identified as being of very poor

quality (Deere 1989).

Borehole and adit data detected that granite dikes occur

alternately with metamorphic sandstone. The thickness of

granite dikes varies from several meters to dozens of

meters. The granite is moderately weathered and crushed.

The crushed blocks on the adit ceiling cannot maintain its

stability without simple support. The uniaxial compressive

strength of granite varies from 35 to 77 MPa with an

average of 56 MPa. The average elastic modulus of intact

granite is 30GPa. The metamorphic sandstone revealed in

the test pit is slightly weathered. The uniaxial compressive

strength of metamorphic sandstone varies from 63 to

117 MPa, with an average of 90 MPa. The average elastic

modulus of intact metamorphic sandstone is 39 GPa.

Several cracks (within the distance from the adit entrance

to a depth about 180 m) and small shear faults along jointFig. 4 Loose rock blocks observed in subarea B

Fig. 5 Rock avalanche at the toe of subarea C
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set J3 were observed in the exploratory adit. The deep

cracks and shear faults were typical structures caused by

the combination effect of tectonic movement and unload-

ing (Qi et al. 2004). The rock mass was completely dry in

the exploratory adit and none of the boreholes intercepted a

water table.

Estimating rock mass properties

The strength parameters and/or deformation modulus are

fundamental input parameters for numerical modeling. For

jointed rock mass, these parameters mainly depend upon

the joint pattern. So, the parameters obtained from labo-

ratory tests on core samples are not logically used in a

numerical model that compares with those from the com-

prehensive classification systems (Justo et al. 2009). In this

paper, rock slope stability classification systems such as

slope mass rating (SMR) (Romana 1985), Q (Barton 2002)

and geological strength index (GSI) (Hoek 1994; Hoek

et al. 1995) were employed to characterize the rock mass

and to estimate the rock mass strength parameters.

Rock mass classifications

Rock Mass Rating (RMR) geomechanics classification

(Bieniawski 1973) has become a standard for use in rock

mass engineering. The basic RMR value incorporates five

parameters: strength of intact rock, rock quality designation

(RQD), spacing of joints, condition of joints and

groundwater conditions. But rating adjustments for dis-

continuities orientation for slopes are relatively rough and

difficult to quantitatively definite. So Romana (1985)

extended the RMR system to the SMR system for use in

rock slope engineering. The SMR value is obtained by

adjusting the basic RMR value with orientation of joints

and slopes and excavation adjustments for slopes:

SMR ¼ RMRþ F1 � F2 � F3ð Þ þ F4 ð1Þ

where the adjustment factor F1 depends on the relative

orientation of joints and slope. F2 refers to joint dip angle.

F3 reflects the relationship between slope and joints dips.

F4 is the adjustments factor related to excavation method;

the value is 15 for natural slope. Table 1 shows how the

SMR value is obtained for the studied slope. The input

ratings are selected as the synthesized values of the meta-

morphic sandstone and the granite, considering the fre-

quent existence of intrusive dikes.

The Q classification is another commonly used rock

mass quality index. The Q-system was originally devel-

oped for underground excavations and has been applied to

slopes as well (Pantelidis 2009). The numerical value of Q

index is determined as follows:

Q ¼ RQD

Jn

Jr

Ja

Jw

SRF
ð2Þ

where Jn is the rating accounting for the number of joint

sets, Jr is the rating related to joint surface roughness, Ja is

the rating indicating the degree of joint alteration, Jw is the

rating accounting for groundwater pressure and SFR is the

Fig. 6 Density stereo plot of

the discontinuities data

collected from field and the

derived mean surfaces for the

major discontinuity sets
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stress reduction rating representing the influence of in situ

stress. Table 2 presents the Q index value and the selection

of input ratings.

The GSI system was proposed by Hoek (1994) and Hoek

et al. (1995) based on visual impression of rock structure.

The system was mainly applied to slopes and open exca-

vations. The GSI index was estimated from rock mass

structure and joint surface condition. Sonmez and Ulusay

(1999) provided a more rigorous method to determine the

GSI value by introducing surface condition and structure

ratings. This modified GSI geomechanical classification

was used in this paper. During GSI value estimation, the

moderately weathered and crushed granite dikes were

considered as weak layers in metamorphic sandstone rock

mass. Table 3 illustrates how the GSI value is obtained.

Rock mass properties

The rock mass deformation modulus and strength are

fundamental inputs for numerical modeling. Rock mass

classifications are helpful in estimating these parameters.

Several authors have presented empirical relationships

between rock mass properties and geomechanical classifi-

cation indices. Bieniawski (1989) provided corresponding

friction angles and cohesions for RMR values. The rela-

tionship between deformation modulus of rock mass and

RMR value for RMR\50 is as follows:

Em ¼ 10ðRMR�10Þ=40 ð3Þ

where Em is the in situ modulus of deformation in GPa.

These relations can also be used for the SMR values. The

rock mass properties obtained by SMR index are shown in

Table 4.

Barton (2002) suggested an equation for calculating Em

based on the normalisation of Q value as follows:

Em ¼ 10Q1=3
c ð4Þ

Qc is the normalization of the Q value, which is given as

below:

Qc ¼ Q � rc
100

ð5Þ

where rc is the uniaxial compression strength.

Barton (2002) also proposed the below equations for

calculating the friction angle f and cohesion c:

f ¼ tan�1 Jr

Ja
� Jw

� �
ð6Þ

c ¼ RQD

Jn

1

SRF

rc
100

ð7Þ

Table 1 SMR for the studied slope according to Romana (1985)

UCS (MPa) 73

Rating 7

RQD (%) 17.6

Rating 3

Discontinuous spacing (m) 0.1–0.6

Rating 9

Discontinuous conditions sm to r, sw to mw, s\ 1.0 mm

Rating 19

Groundwater dry

Rating 15

Adjust factor F1 Fair

Rating 0.7

Adjust factor F2 Fair

Rating 0.7

Adjust factor F3 unfavorable

Rating -50

Adjust factor F4 Natural slope

Rating 15

RMR 53

SMR 44

sm smooth, r rough, sw slightly weathered, mw moderately weathered,

s joint separation

Table 2 Q index for the

studied rock mass (Barton 2002)
RQD (%) 17.6

Joint set number Four or more joint sets, heavily jointed

Jn 15

Joint roughness number Smooth to rough, undulating, crushed zone

Jr 1.5

Joint alteration number Unaltered joint walls to low friction mineral clay coating

Ja 2.5

Water reduction factor Dry

Jw 1

Stress reduction factor Low stress, near surface

SRF 2.5

Q value 0.32
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The deformation modulus and strength parameters

obtained by Q value are given in Table 4. The uniaxial

compression strength of the rock was chosen as the mean

value of metamorphic sandstone and granite, 73 MPa.

For rock mass with rc\100 MPa, Hoek et al. (2002)

found a correlation between Em and GSI:

Em ¼ 1� D

2

� � ffiffiffiffiffiffiffiffi
rc
100

r
� 10

GSI�10ð Þ
40ð Þ ð8Þ

where D is the disturbance factor that reflects the effects of

blast damage or stress relaxation. For the friction angle f

and cohesion c, the following equations were presented:

f ¼sin�1 6amb sþmbr3nð Þa�1

2 1það Þ 2það Þþ6amb sþmbr3nð Þa�1

" #
ð9Þ

c¼ rc 1þ2að Þsþ 1�að Þmbr3n½ � sþmbr3nð Þa�1

1það Þ 2það Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 6amb sþmbr3nð Þa�1

h i.
1það Þ 2það Þ

r

ð10Þ

where a, s and mb are constants and can be obtained by the

below equations:

a ¼ 1

2
þ 1

6
e�GSI=15 � e�20=3

� �
ð11Þ

s ¼ exp
GSI� 100

9� 3D

� �
ð12Þ

mb ¼ mi exp
GSI� 100

28� 14D

� �
ð13Þ

where mi is the Hoek–Brown intact material constant.

For slopes, r3n is calculated by following equation:

r3n ¼ 0:72
rcm
cH

� ��0:91

� rcm
rc

ð14Þ

rcm ¼ rc �
mb þ 4s� a mb � 8sð Þð Þ mb=4 þ s

� �a�1

2 1þ að Þ 2þ að Þ ð15Þ

where c is material density, H is slope height.

As we mentioned above, the granite dike was considered

as weak layers in metamorphic sandstone mass during GSI

estimation. The uniaxial compression strength used in

Eqs. (14) and (15) was selected as the value of metamor-

phic sandstone. The Hoek–Brown intact material constant

mi was estimated to be 19 from published literature for

competent rocks (Hoek and Brown 1997; Marinos and

Hoek 2000). The mean front slope height is about 230 m

and the rock mass density is 2600 kg/m3. Hoek et al.

(2002) mentioned that zero disturbance factor results in

more optimistic rock mass properties for undisturbed slope.

The studied slope has a large unloading range (the hori-

zontal unloading depth is about 180 m at a slope height of

200 m). The stress relief should be considered in estimat-

ing the parameters. In this paper, the disturbance factor

D of 0.5 was assumed to account for effect of deep

unloading. The rock mass properties obtained from GSI are

shown in Table 4.

Table 3 Geological strength index (GSI) for the study (Sonmez and

Ulusay 1999)

Description Blocky/disturbed: folded and/or

faulted with angular

blocks formed by many

intersecting discontinuity sets

Size of blocks Small to very small

Volumetric joint count,

Jv (joint/m3)

30

Structure rating, SR (%) 25

Surface condition rating (SCR)

Rr 1

Rw 4

Rf 2

SCR 7

GSI 30

Table 4 Rock mass properties obtained by different classification system

References Classificaton system Frictional angle (�) Cohesion (MPa) Young’s modulus (GPa)

Bieniawski (1989) SMR 27 0.22 7.1

Barton (2002) Q 31 0.39 6.2

Hoek et al. (2002) GSI 36 1.0 2.2

Average 31.3 0.54 5.2
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The shear modulus G and bulk modulus K, which were

used in numerical modeling, can be obtained from the

deformation modulus Em and Poisson’s ratio t:

G ¼ Em

2 1þ tð Þ ð16Þ

K ¼ Em

3 1� tð Þ ð17Þ

The calculated shear modulus and bulk modulus are

shown in Tab. 5. The deformation modulus of the rock

mass was selected as the mean value of the different

methods.

Stability analysis

General method

Kinematic, limit equilibrium and numerical simulation

techniques were used for the slope stability analysis. First,

the kinematic analysis was adopted to access the possible

slope failure modes. The kinematic analysis results can

provide useful information for further analysis. Then, the

limit equilibrium method was utilized to obtain the factor

of safety and the probability of failure for kinematically

unstable blocks. Kinematic and limit equilibrium analyses

can only consider a simplified model, so numerical mod-

eling was also employed to study the deformation, stress

distribution and yield status of the slope in detail. The

failure behavior and failure mechanism of the slope were

investigated using a discontinuum model with the aim of

reflecting the slope morphology and tectonic effect. The

discontinuum method has been a routine approach in sta-

bility analysis of rock slope controlled by joint-bounded

blocks (Stead et al. 2006).

Kinematic stability analysis

Kinematic analysis based on stereographic projections was

carried out on the potential slope failure controlled by dis-

continuities and slope orientation. The slope was considered

as a whole and the average slope orientation of N140�/40�
was used for kinematic analysis. Combinations of discon-

tinuity orientations and slope face were examined to

ascertain different possible modes of failure, such as planar,

wedge and toppling failures, based on the criteria defined by

Hoek and Bray (1981) and Goodman (1989). We used a

direction tolerance of 30� for toppling failure. The lowest

value of the friction angle of 27�, obtained by SMR tech-

nique (refer Table 4), was used in order to be more con-

servative. The commercial graphical and statistical analysis

software Dips (Rocscience 2012) was used for kinematic

analysis.

Kinematic analysis indicates that planar failure along J1
is feasible in the study area (Fig. 7a). Although the mean

orientation of joint set J4 is out of the toppling failure

envelope, there is a possibility of toppling failure along J4,

taking into account the variability of orientation, especially

in the place with steep slope angle. We did find some

toppling failure at the toe of the slope where the slope

angle is greater than 50�, but no field evidence of wide-

spread toppling was observed at higher elevation of the

slope. Toppling along the bedding plane may result in

separation of J3 and weakening of the strength of the rock

mass at the toe, which then provide feasibility to planar

failure along J1. Figure 7b highlights that the wedge failure

is kinematically possible along the plunge of the intersec-

tion of J1 and J2.

Probabilistic analysis

The factor of safety for the kinematically feasible planar

failure along J1 and wedge failure along the plunge of

intersection of J1 and J2 was calculated based on the limit

equilibrium analysis. The analyses were carried out with

Rocplane (Rocscience 2003) and Swedge (Rocscience

2002). The stability methods given by Hoek and Bray

(1981) were used to evaluate the possibility of planar and

surface wedge failures. The slope was still considered as a

whole and no cohesive strength was considered for the

discontinuities. For a deterministic analysis, only repre-

sentative values were used. However, the strength values

suggested by classification system include high uncertainty

since they were obtained from a large amount of statistical

data. Therefore, the probabilistic analysis method was

accomplished along with deterministic analysis. The rep-

resentative value of friction angle in deterministic analysis

and the mean value in the probabilistic analysis were chosen

as the average value of the three classification systems

(refer to Table 5), i.e., 31.3�. The coefficient of variation

was chosen as 10 % according to the experience of Park and

West (2001). A narrow range within three standard devia-

tions of mean value was assumed (Rethai 1998). The Monte

Carlo simulation was adopted for the probabilistic analysis

and 1000 samples were generated in this study.

The deterministic analysis indicated that the factors of

safety for planar failure along joint set J1 and wedge failure

along joint sets J1 and J2 are 1.03 and 1.17, respectively.

They stand for different stability status. The slope is nearly

in a critical equilibrium status for planar failure along joint

set J1. The planar failure can occur at any moment. How-

ever, the slope is relatively safe when considering the
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wedge failure. Probabilistic analyses gave similar results.

The histogram of safety factors in Fig. 8 shows that the

probability of instability is 43.1 % for planar failure along

joint set J1. This value is much higher than the probability

of wedge failure for the combination of J1 and J2, which is

only 10.7 %. Therefore, the planar failure along joint sets

J1 represents a frequent and common failure mechanism at

Xiari slope. However, we must keep in mind that the cal-

culated mean block volume of wedge failure, although has

a very low possibility, reaches 4.7 9 106 m3, which is

much larger than that of planar failure, 1.4 9 104 m3. This

indicates that the wedge failure stands for a greater hazard.

Considering the poor quality of the rock mass, circular

slip surface analyses were also carried out to examine

whether the slope has the possibility of non-discontinuities

controlled failure. The 2D limit equilibrium slope stability

analysis software Slide (Rocscience 2010) was used, and

Bishop, Janbu Corrected and Spencer analysis methods

were adopted. The three subareas of the slope were eval-

uated separately because of different topographies. The

locations of profiles are shown in Figs. 1 and 3. In order to

eliminate the influence of the covering soils, high strength

parameters were given to the soils. The friction angle and

cohesion of the rock mass were selected as random vari-

ables. The mean values of these parameters are shown in

Table 5. Also, the coefficient of variation was chosen as

10 % and the random samples were generated by Monte

Carlo simulation and fell within three standard deviations

Fig. 7 Kinematic analysis for

different modes of failures:

a planar and toppling failure and
b wedge failure
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of the mean values. The geometric models of the three

subareas and the results determined by the Spencer method

are shown in Fig. 9a–c. The results illustrate that all three

subareas of the slope have deep-seated failure modes. The

mean factor of safety ranges from 1.696 (Janbu Corrected

method) to 1.705 (Bishop method) for subarea A, 1.672

(Spencer method) to 1.679 (Janbu Corrected method) for

subarea B and 1.575 (Spencer method) to 1.577 (Bishop

method) for subarea C. It indicates that there is no proba-

bility of slope failure with circular slip surface during

current conditions.

Discontinuum analysis

In order to study the deformation behavior of the struc-

turally controlled rock slope, discontinuum modeling was

carried out using the two-dimensional distinct element

code UDEC (Itasca 2005). The profile sections considered

for the numerical modeling are shown in Fig. 3. The joint

planes of different joint sets were generated based on

average apparent dip values from field measurements.

However, joint set J2 was not included since its trend is

nearly parallel to the profile trend. The spacing of the joints

needed to be increased for the feasibility of modeling. The

rock block was modeled using linearly elastic model and

discontinuities were modeled using an elasto-plastic model

with Mohr–Coulomb failure criterion. The joint stiffness

was estimated using the elastic modulus of rock mass and

intact rock blocks from the following expressions (Itasca

2005):

kn ¼
EmEi

s Ei � Emð Þ ð18Þ

ks ¼
GmGi

s Gi � Gmð Þ ð19Þ

where kn is the joint normal stiffness, ks is the joint shear

stiffness, Em is the rock mass Young’s modulus, Ei is the

intact rock Young’s modulus, Gm is rock mass shear

modulus, Gi is intact rock shear modulus, s refers to joint

spacing.

The strength parameters of discontinuities used the

mean parameters obtained by the rock classification sys-

tems. The high cohesion was utilized to model the non-

persistent effect of the joints. Relatively lower strength was

used for J3 to consider the tectonic and unloading effect.

The physical and mechanical parameters of the disconti-

nuities are given in Table 6. The properties of covering soil

obtained by physical and direct shear tests are shown in

Table 7. In-situ stress information has not been measured

in the study area. According to the work in the same tec-

tonic unit (Qi et al. 2004; Gong et al. 2010; Huang et al.

2011), the horizontal tectonic stress of 10.0 MPa for rock

mass was used in the numerical model.

The surface soil is thin and has little influence on the

stability of the entire slope. Therefore, we only emphasized

on the stability of the rock mass. The results of the

numerical modeling showed that the profile sections in

three different subareas of Xiari slope have different sta-

bility and deformation mechanisms. In subarea A, the

prehistoric landslide significantly changed the stress state

Table 5 Rock mass properties used in modeling analysis

Density (kg/m3) 2600

Uniaxial compressive strength (MPa) 73

Young’s modulus for intact rock (GPa) 35

Tensile strength (MPa) 0.015

Young’s modulus (GPa) 5.2

Poisson’s ration 0.25

Cohension (MPa) 0.54

Friction angle (�) 31.3

Bulk modulus (GPa) 3.4

Shear modulus (GPa) 2.0

Fig. 8 Histogram of factor of safety for: a planar failure and b wedge

failure calculated in probabilistic analysis
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of the frontal slope. It indicates that the shear stress

decreased at the foot and increased on the middle of the

slope (Fig. 10a). The landslide deposit at the toe acts as a

resistance to future rock slope failure. Numerical modeling

shows that the condition for developing continuous basal

failure surface can’t be met at present. Thus, the rock slope

in subarea A is more stable. In subarea B, shear strain

concentrated at the foot of the rock slope (Fig. 10b), but

there is no continuous basal failure surface through the toe

that developed. This part is also stable at present stage.

Numerical modeling in Fig. 10c highlights that subarea C

Fig. 9 Circular slip surface results of deterministic and probabilistic analyses for subareas a A, b B and c C using the Spencer method

Table 6 Discontinuity properties used in modeling analysis

Discontinuities J1 J3 J4

Apparent dip (�) 30 59 -48

Spacing (m) 20 20 25

Cohesion (MPa) 0.54 0.22 0.54

Friction angle (�) 31.3 27 31.3

Joint normal stiffness (GPa/m) 19 19 19

Joint shear stiffness (GPa/m) 7 7 7

Table 7 Soil properties used in

discontinuum modeling
Density (kg/m3) 2020

Friction angle (�) 26

Cohesion (kPa) 45

Bulk modulus (MPa/m) 45

Shear modulus (MPa/m) 15
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is prone to be unstable. The specific discontinuity config-

uration on the studied profile is characterized for a large

rockslide. Continuous basal failure surfaces through the toe

can develop along joint J1, which reached its shear limit.

These, combined with the rear failure surfaces developed

along the steep joint J3, can meet the needs for the

occurrence of a landslide. It also should be considered that

the joint J2, which wasn’t included in the numerical

modeling, may form the lateral detachment structures. The

potentially unstable block was estimated to be more than

2.5 9 106 m3. The unstable volume was estimated from

Fig. 10c and the dimension of subarea C. There is no

toppling mode of failure in the three studied profiles. Some

open joints along J3 in combination with the shear joint

along J1 near the frontal surfaces may explain the detach-

ment of isolated blocks as a source of rock avalanche.

Discussion

The narrow valley, downstream to the Xiari slope, is an

ideal place for dam construction. But the possible failure of

this slope is a great threat to potential construction. Due to

the high concerns and high risk, it is important to answer

questions about the likelihood of slope failure. The Xiari

potentially unstable rock slope would be structurally

controlled. Based upon kinematic and limit equilibrium

analyses, planar and wedge failures seem to be the two main

potential failure mechanisms. Planar failure has a higher

probability of occurrence as compared to wedge failure.

However, it needs to be remembered that the kinematic

models are simplified and might be different from reality.

The Xiari slope has a complex topography. Field observa-

tion shows that the failure mechanism of a large landslide

highly depends on the combination of topography and dis-

continuities rather than on discontinuities alone. The deep

and steep erosional gully developed in the upstream of

subarea A is an important factor for prehistoric landslide

failure, which provided a favorable outlet for the landslide.

With the development of the erosional gully in the upstream

of subarea C, a large catastrophic landslide like that in

subarea A is possible. However, this complex failure

mechanism is difficult to be modeled in the 2D numerical

model. A 3D numerical model would probably improve our

understanding of the entire slope’s instability.

Conclusion

Detailed field survey and different analysis methods were

adopted to understand the stability and potential failure

mechanism of the Xiari rock slope. The slope stability in the

Fig. 10 Discotinuum modeling results for the subareas: a A, b B and c C. Refer to Figs. 1 and 3 for profile sections (FN normal stress, SN shear

stress)
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study area is strongly controlled by a combination of slope

topography and discontinuities. Tectonic movement and the

unloading effect weaken the shear strength of the discon-

tinuities. The unfavorable integration of discontinuities and

frontal scarp may result in potential failure of rock slope.

Kinematic analysis indicates that the potential failure

modes are planar and wedge failure, while large scale

toppling failure is unlikely in this area. Planar failure along

joint J1 is almost certain to occur in this area. The collapses

of planar failure would have small size, with mean volume

of 1.4 9 104 m3, as observed through the analysis. These

failures usually cannot reach down to the bottom of the

valley and thus have minor hazards. On the other hand, the

large-sized wedge failures, with mean calculated volume of

4.7 9 106 m3, pose high hazard.

Numerical modeling indicates that subareas A and B are

not prone to large failures at present. But subarea C has a

high risk of failure. The suitable discontinuity configura-

tion combined with the topography might result in a

catastrophic failure, such as the prehistoric one in subarea

A. The potential failure blocks are estimated to be more

than 2.5 9 106 m3 by numerical modeling. The volume is

large enough to cause tsunamis in the water reservoir and

block the river, and hence poses a great threat to nearby

construction and villages.
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