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Reliability analysis of unsaturated slope considering spatial variability
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Abstract: A non-intrusive stochastic finite element method (NISFEM) based on Latin hypercube sampling (LHS) for reliability
analysis of unsaturated slope considering the spatial variability of multiple soil parameters is proposed. The safety factor is explicitly
expressed as a function of uncertain input parameters using the Hermite polynomial chaos expansion, the Latin hypercube sample
points are selected as the collocation points for calculating the unknown coefficients of polynomial chaos expansion. The
Karhunen-Lo¢ve (K-L) expansion method is used to discretize the random fields of soil hydraulic conductivity, effective cohesion
and internal friction angle. A computer program named NISFEM-KL-LHS is developed. An example of reliability analysis of
unsaturated slope stability under the steady-state seepage condition is presented to demonstrate the validity and capability of the
proposed method. The results indicate that the proposed NISFEM can effectively evaluate the reliability of unsaturated slope
considering the spatial variability of multiple soil parameters. Both the spatial variability of the soil hydraulic conductivity and the
rainfall intensity have significant effects on the location of the groundwater table and the critical slip surface of slope. The probability
of slope failure increases obviously when the ratio of the rainfall intensity to the saturated hydraulic conductivity is more than 0.01. In
addition, if the spatial variability of soil properties is ignored, the probability of slope failure will be overestimated significantly when
the coefficients of variation or the negative cross-correlation of soil parameters become larger.
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water pressure at the slope crest of section X-X
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Fig.7 Comparison of probability density functions of pore
water pressure at the slope surface of section Y-Y
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Table 2 Reliability analysis results of slope
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LHS J77%: 2500 1.459 0.198 0.383 3.289 4.0x10° 2.652
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rainfall intensity to saturated hydraulic conductivity
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Fig.12 Changes of probability of slope failure with
correlation coefficient between effective cohesion

and internal friction angle

Her (W) AR S S AR A o
(4) AN T RGE BT AT T AR L35
Fesg AT HESE AR, AR SEBR TREH W S BIAR A £
WARR R B, AR B A T RS
2% ) A A R 320 R AT TR R 5% e T e B A i
F, AL
2 % X W
(1] HEW, Bisd, S, & Bkt A k)
I, AKRI2EAR, 1985, (9): 10—21.
LEI Zhi-dong, YANG Shi-xiu, XU Zhi-rong, et al.
Preliminary investigation of the spatial variability of soil
properties[J]. Journal of Hydraulic Engineering, 1985, (9):
10—21.

[2] SRIVASTAVA A, SIVAKUMAR BABU G L, HALDAR
S. Influence of spatial variability of permeability property



2578 b +

71

2 2014 4F

[3]

[4]

[7]

(8]

(]

[10]

(11]

[12]

[13]

on steady state seepage flow and slope stability analysis[J].
Engineering Geology, 2010, 110(3—4): 93—101.
SANTOSO A M, PHOON K K, QUEK S T. Effects of
soil spatial variability on rainfall induced landslides[J].
Computers and Structures, 2011, 89(11—12): 893 —900.
GUI S, ZHANG R, TURNER J P, et al. Probabilistic slope
stability analysis with stochastic hydraulic conductivity[J].
Journal of Geotechnical and Geoenvironmental
Engineering, ASCE, 2000, 126(1): 1—9.

ZHU H, ZHANG L M, ZHANG L L, et al
Two-dimensional probabilistic infiltration analysis with a
spatially varying permeability function[J]. Computers
and Geotechnics, 2013, 48: 249—259.

CHO S E. Probabilistic analysis of seepage that considers
the spatial variability of permeability for an embankment
on soil foundation[J]. Engineering Geology, 2012, 133 —
134:30—39.

LI W, LU Z, ZHANG D.
unsaturated flow with probabilistic collocation method[J].
Water Resources Research, 2009, 45(W08425): 1 —13.
SR, Ba L, BRARE, 4. Karhunen-Loéve J&JFE
A 1 A B U B P S IR, T,
2007, 28(11): 2303 —2308.

SHI Liang-sheng, YANG Jin-zhong, CHEN Fu-long, et al.

Research on application of Karhunen-Loeve expansion to

Stochastic analysis of

simulating anisotropic random field of soil property[J].
Rock and Soil Mechanics, 2007, 28(11): 2303 —2308.
BERVEILLER M, SUDRET B, LEMAIRE M. Stochastic
finite elements: A non-intrusive approach by regression[J].
European Journal of Computational Mechanics, 2006,
15(1—3): 81—92.

IR, KR, AR TR AN BTk
(R R == SR BE AT [T, A DR, 2012, 34(1):
123—129.

LI Dian-qing, JIANG Shui-hua, ZHOU Chuang-bing.
Reliability analysis of underground rock caverns using
method[J].
Chinese Journal of Geotechnical Engineering, 2012,
34(1): 123—129.

LID Q, CHEN Y F, LU W B, et al. Stochastic response

surface method for reliability analysis of rock slopes

non-intrusive  stochastic finite element

involving correlated non-normal variables[J]. Computers
and Geotechnics, 2011, 38(1): 58 —68.

LI D Q, JIANG S H, CHEN Y G et al. Reliability
analysis of serviceability performance for an underground
cavern using a non-intrusive stochastic method[J].
Environmental Earth Sciences, 2014, 71(3): 1169—1182.
JIANG S H, LID Q, ZHANG L M, et al. Slope reliability
analysis considering spatially variable shear strength

parameters using a nonintrusive stochastic finite element

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

method[J]. Engineering Geology, 2014, 168: 120—128.
LALOY E, ROGIERS B, VRUGT J A, et al. Efficient
posterior exploration of a high-dimensional groundwater
model from two-stage MCMC simulation and polynomial
chaos expansion[J]. Water Resources Research, 2013,
49(5): 2664—2682.

ZRL, MRIESR, HENI ST SERERE LA IRT—3ig
L TRER M. Jbst: iR R, 2006.
PHOON K K, HUANG S P, QUEK S T. Implementation
of Karhunen-Lo¢ve expansion for simulation using a
wavelet-Galerkin scheme[J]. Probabilistic Engineering
Mechanics, 2002, 17(3): 293 —303.

FENTON G A, GRIFFITHS D V. Bearing-capacity
prediction of spatially random c-¢ soils[J]. Candian
Geotechnical Journal, 2003, 40(1): 64—65.

CHOI S K, CANFIELD R, GRANDHI R, et al
Polynomial chaos expansion with Latin hypercube
sampling for estimating response variability[J]. AIAA
Journal, 2004, 42 (6): 1191 —1198.

AR, TAKMR, BB, LHS JyiAe s vl 5254 #r
RN H[I]. #5147, 2010, 31(4): 1047—1054.

WU Zhen-jun, WANG Shui-lin, GE Xiu-run. Application
of Latin hypercube sampling technique to slope reliability
analysis[J]. Rock and Soil Mechanics, 2010, 31(4): 1047
—1054.

LI D Q, JIANG S H, CHEN Y G, et al. A comparative
study of three collocation point methods for odd order
response method[J].
Engineering and Mechanics, 2013, 45(5): 595—611.
FREDLUND D G, RAHARDJO H. Soil mechanics for
unsaturated soilsiM]. New York: John Wiley and Sons, 1993.
FREDLUND D G, XING A, HUANG S Y. Predicting the

permeability function for unsaturated soils using the

stochastic surface Structural

soil-water characteristic curve[J]. Canadian Geotechnical
Journal, 1994, 31(4): 533—546.

CHO S E. Probabilistic assessment of slope stability that
considers the spatial variability of soil properties[J].
Journal of Geotechnical and Geoenvironmental
Engineering, ASCE, 2010, 136(7): 975—984.
GRIFFITHS D V, FENTON G A. Probabilistic slope
stability analysis by finite elements[J]. Journal of
Geotechnical and Geoenvironmental
ASCE, 2004, 130(5): 507—518.

KM, e, UK, 85, 3T SERE S AT IR
ANRBENA FR ICIE[D). A 1%, 2013, 34(8): 2347 —
2354,

JIANG Shui-hua, FENG Xiao-bo, LI Dian-qing, et al.

Reliability analysis of slope using non-intrusive stochastic

Engineering,

finite element method[J]. Rock and Seil Mechanics,
2013, 34(8): 2347—2354.



