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Reliability analysis for soil slopes reinforced with piles
using shear strength reduction method
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Abstract: Piles are widely used to reinforce slopes. Uncertainties exist in stability with anti-slide pile
reinforced slope due to the uncertainties of soil. Reliability method can be used to quantify the
uncertainties. Shear strength reduction method is employed to obtain the factor of safety and slip surfaces
with different pile reinforcement locations. A response surface method-based first order reliability method
is used to calculate the failure probability. Based on FLLAC3D, an automatic programing procedure is
proposed for convenient application. Steel pipe piles are adopted for stabilization in the illustrative example.
The results show pile location and spacing have significant effect on the reliability of the illustrative
example. An optimal location may exist at a certain spacing for the illustrative example. The suggested
method can be helpful for the optimal design of pile reinforcement for soil slopes.
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Fig. 1 Diagram for pile-soil interface
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Fig. 2 Geometry of the piled slope
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Fig. 3 Finite difference model of the piled slope
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response surface method
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Table 2 Iteration of reliability calculation for soil

without reinforcement
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Fig. 5 Slip surfaces of the slope without reinforcement

FFHARIE B 5 2:4%F L, =8 m Dy =2D &1 i
TR AN 1520 3 R A7 T BE A BT FLE AR AR SR 3
7R o T 5 3238 6 L 0 S OE R 0. 34 %, AT
BE R B HERR M R I SR R AR T X ik
[P 5 320305 () W] RE BE AT A0 AT . S EEAR S 100 000
it 3 F— 553 CPU A—l Intel Core 19 9900ks
5.0 GHz 935l THEEFERT 2 970 h, JRAF A9 22K

RNy 0. 2900, RAAMEARAL S ZBON 5. 7106, 4521
SZIETT RS R . R R, R
T 2. 2 h,

HIH T AT, B A T A8 8 AR A 0 5 1) 2R A
WA, &L 6 gt T Bt SO R 0 B . 7T L
BB AEDUEAERIE AR L S 60 1 Sl T T i
A S AT RE A AR AR AT Y AR 4R A T ik
A LU AT X T S TR A S
F3 FBHEMEDR TS EERITER (L, =8 m,D, =2D)

Table 3 Iteration of reliability calculation for

piled-slope (L, =8 m,D, =2D)
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Fig. 6 Slip surface of the piled slope with
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Fig. 7 Slip surfaces of the slope with different

pile locations (D, =2D)
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Fig. 8 Slip surfaces of the slope with different

pile spacing (L,=8 m)

4.3 HmBHERMAAE

K9 g5t TS [FIBEIRL AR 3 m] g B 6 4
BEDTIE AR [ A & B2 s Ol . iR 1E 9 AT LA F,
XTSRS0 e 25 E BRI IR 26 AR T L S8 mT
FEPE SRR BEHT I AL AN A B B RS B
o BIVRT REAFAE — D dme A A 361 037 5 5 7 25 7 [ o7
SRR S TEE S b B R ) BE R85 b, X
Sege 5 TR 21, 25-26 12K FH A E 1R 0 A 5 1k i i
A ZIE—2 ., SCHRL35 JH U R 1 S i) H s ml 5

Bk B=2.3. MWIE 9 HhalHl,#% D, =3D.L, =7~
9 m Al IAF] FR AT EE AR AR

Lp/m
E:—D=2D ----D;=3D -~ D;=4D ---D;=5D

B9 A[EHEE BE 5 4 T A3 vl S EHs pRbE g HE
IMER BRI
Fig. 9 Effect of pile location on the reliability of the
slope with different pile spacing

i

AIREE 5 T LASE 255 1+ S BOR 0 X
PR E VRS, A BT 24 T RN 8 i 3
BIRTRERE AT . BT R )L, 45 HH — ol 35 1 W] 5
HE T BN E SRR e TR ik . IZOTERR
3 B >R T 3 %) 4 A, R T 8 1T
AT R . S R L R T RT
FLAC™ (43t 1 A7 i [ 340 3% v 58 B o A A e . 30490
Sy R B 0k LR AR m SRR . B
SR FH B0 A A TR R L 45 SRR B AR A
I A2 BRI [0 3 X 12 00 305 4 T 5 B A 3 TR B A
Wil AEAH R A ] BE A5 14 L 23 3 7T BB AE A — 1>
PO AR AT TR T AR
JE B AT B A BT

wn
i

-

Sk

[1]JWUTH, KRAFT L M. Safety analysis of slopes [J].
Journal of the Soil Mechanics and Foundations Division,
1970, 96: 609-630.

2] ME. BER. DSFTEEE 1 SRR iE-A BRIT
WELT] AKSCHUBT TR, 1992, 19(3): 17-20.
ZHU Y X, QI G Q. Monte Carlo-finite element method
for slope reliability analysis [J]. Hydrogeology and
Engineering Geology, 1992, 19 (3): 17-20. (in
Chinese)

[ 3] BRI, IRAEns, INF. 4. & IPIIARE ol 4 5 47
Bre CORAXS AR Tk (1], KIJ1 k& B 2EHM, 2012,
31(3): 148-159.

CHEN Z Y, XU J C, SUN P, et al. Reliability



% 6 A

AR LB B TR IR 04 A T M A [B) MR T SE 4T 17

[4]

[5]

[6]

L7]

[8]

[9]

[10]

analysis on sliding stability of gravity dams: Part [ ,
An approach using criterion of safety margin ratio [ J].
Journal of Hydroelectric Engineering, 2012, 31(3):
148-159. (in Chinese)

PRI, 2R, WOUHE. FET Bishop 440k ny s nl
SRR HPE LT e R4 CA AR /O
2010, 41(2): 668-672.

PENG Z B, LI J, PENG W X. Application analysis of
slope reliability based on Bishop analytical method [J].
Journal of Central South University ( Science and
Technology), 2010, 41(2): 668-672. (in Chinese)
MA J Z, ZHANG J, HUANG H W,

Identification of slip

et al

representative surfaces for
reliability analysis of soil slopes based on shear
strength reduction [ J]. Computers and Geotechnics,
2017, 85: 199-206.

GRIFFITHS D V, LANE P A. Slope stability analysis
by finite elements [J]. Géotechnique, 1999, 49 (3):
387-403.

2B, AR/NEE, AR, S FIESHE AR R
TeBR KA AT SE B AT () ). A TR SRR, 2013, 35
(10): 1799-1806.

LID Q, QI X H, ZHOU C B, et al. Reliability

analysis of infinite soil slopes considering spatial
variability of soil parameters [ ]J]. Chinese Journal of
Geotechnical Engineering, 2013, 35(10): 1799-1806.
(in Chinese)

PRENE, TR, Wonde, . BIESEEE R ST
PR E P A RT3 AT [T ). A+ TR,
2018, 40(6): 985-993.
CHEN Z H. LEI J, HUANG ] H. et al. Finite
element limit analysis of slope stability considering
spatial variability of soil strengths [J]. Chinese Journal
of Geotechnical Engineering, 2018, 40(6). 985-993.
(in Chinese)

WER, EIUE, KA, 5. B TAEREEmL
WRG AR BERAAAR 2014, 39(6): 1077-
1083.

CHU X S, WANG X C, ZHANG Y Q. et al. Slope
system reliability analysis based on representative slip
surfaces [ [J ]. Journal of China Coal Society, 2014, 39
(6): 1077-1083. (in Chinese)

FokAe, AR/NKE, EFR, SE BRTRENLI N I % Y54
WRGEEE LI &1 J1%, 2015, 36(3):
809-818.

JIANG S H, QI X H., CAO Z J, et al

reliability analysis of slope with stochastic response

System

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

surface method [J]. Rock and Soil Mechanics, 2015,
36(3): 809-818. (in Chinese)

BEMG, B, 2200, TR0 I ks £ T
BRG] A A 0125 TR, 2018,
37(3) . 726-733.

ZENG P, CHEN Y, LI T B. System reliability of
geotechnical problems using quasi-Newton
approximation-based sorm [ J]. Chinese Journal of
Rock Mechanics and Engineering, 2018, 37(3): 726-
733. (in Chinese)

HUANG H W, ZHANG J, et al

Reliability analysis of slope stability under seismic

LI

WEN S C,

condition during a given exposure time
Landslides, 2018, 15(11): 2303-2313.
ZHANG L L, LI J H, LI X, et al. Rainfall-induced
soil slope failure: Stability analysis and probabilistic
assessment [ M]. CRC Press, 2018,

255, WBENY, FFEHH. Rosenblueth ¥ 763 3 A] 5 )&
SRR LT ] KRR R, 2012, 32(3):
53-55, 66.

LI L, CHU X S, CHENG Y M. Application of
Rosenblueth method in reliability analysis of soil slopes
[J]. Advances in Science and Technology of Water
Resources, 2012, 32(3): 53-55, 66. (in Chinese)
Ak, BIER, KRG . BT Kriging (97135
ERFERE FE R[] AL TR%M|, 2013, 35
(10) . 1863-1869.

SUY H, LUO Z D, ZHANG P F, et al. Active
searching algorithm for slope stability reliability based
on Kriging model [J]. Chinese Journal of Geotechnical
Engineering, 2013, 35(10): 1863-1869. (in Chinese)
TAN X H, WANG X E, HU X J, et al. Two methods
for predicting reliability index and critical probabilistic
slip surface of soil slopes [ J]. Geotechnical and
Geological Engineering, 2016, 34(5): 1283-1292.
ek, 9, KEEE, 55 BT Python i 5 AN
Abaqus -5 I 30 % 7T 5 B35 B sk BRI & [T
ARG TR (PIES0) , 2019, 41(5): 67-72.
REN B B, SU L J, ZHANG C L, et al. A slope

reliability automated algorithm based on python
language and abaqus platform [J]. Journal of Civil and
Environmental Engineering, 2019, 41(5): 67-72. (in
Chinese)

Xbe, FERERDT, RERA". J3Eh J) AT SRS AT O 1 AR
ARG R REH )] H L%, 2013, 34(5):
1217-1234.

LIU X, TANG H M,

XIONG C R. Patterns,



18 I RE5xE e

FROF E O

% 42 %

problems, and development trends of analysis methods
for slope dynamic reliability [ J]. Rock and Soil
Mechanics, 2013, 34(5): 1217-1234. (in Chinese)

[19] EAErE, Aughy, ki, & BT RS HA

FEPEOT SRR ], CAR M BT 4L, 2016, 24 (Sup):
1010-1018.
WANG DY, ZHU H H, ZHANG J,et al. Status and
prospects of research on slope stability based on
reliability theory [J]. Journal of Engineering Geology,
2016, 24(Sup): 1010-1018. (in Chinese)

[20] Z=oR s, TEUT, 275, LB S TORHTH bt

) Jy 0 B A A AR LR i 2A 4z, 2010, 28
(2): 135-140.
LIRJ, YUY Z, LI G X. Analyses of deformation of
slopeand dynamic response of stabilizing piles reinforced
in the middle and near crest of slope in earthquake [J].
Journal of Mountain Science, 2010, 28(2). 135-140.
(in Chinese)

[21] WEI' W B, CHENG Y M. Strength reduction analysis
for slope reinforced with one row of piles [J].
Computers and Geotechnics, 2009, 36(7) . 1176-1185.

[22] ZHANG J, WANG H, HUANG H W, et al. System
reliability analysis of soil slopes stabilized with piles
[J]. Engineering Geology, 2017, 229. 45-52.

[23] LI L, LIANG R Y. Reliability-based design for slopes
reinforced with a row of drilled shafts [ ] .
International Journal for Numerical and Analytical
Methods in Geomechanics, 2014, 38(2) . 202-220.

(247 FRBN, B 5. A FROTHR BE s ok 3 (O 332

PSS N L1, A e 5 IR %M. 2004, 23
(20): 3552-3558.
ZHENG Y R, ZHAO SY. Calculation of inner force of
support structure for landslide/slope by using strength
reduction FEM [ ] .
Mechanics and Engineering, 2004, 23 (20). 3552-
3558. (in Chinese)

[25] CAI F, UGAI K. Numerical analysis of the stability of
a slope reinforced with piles [ J . Soils and
Foundations, 2000, 40(1). 73-84.

[26] WON J, YOU K, JEONG S, et al. Coupled effects in
stability analysis of pile-slope systems [J]. Computers
and Geotechnics, 2005, 32(4): 304-315.

[27] Ttasca Consulting Group. FLAC3D: Fast Lagrangian

Analysis of Continua in Three-Dimensions [ M]. Ver.

Chinese Journal of Rock

7.0. Minneapolis: Itasca, 2019.

(28] skaith, Mife4s, fIERER. Bt rh H BN B 4L
fEAHL]. A+ 1%, 2004, 25(2): 174-178, 184.
ZHANG ] X, CHEN F Q, JIAN H Y. Numerical
analysis of soil arching effects in passive piles [ ] ].
Rock and Soil Mechanics, 2004, 25(2): 174-178, 184.
(in Chinese)

[29] BER, PMCLH, Miie 4. SRR FRITE hiik Rt

FIHRRIBE LT ] WL R 22 E 4 CTA7 RO 2008, 42
(1) 83-87.
LV Q, SUN H Y, SHANG Y Q. Slope failure criteria
of shear strength reduction finite element method []].
Journal of Zhejiang University ( Engineering Science) ,
2008, 42(1): 83-87. (in Chinese)

[30] FRANK R, POUGET P. Experimental pile subjected
to long duration thrusts owing to a moving slope [ ] ].
Géotechnique, 2008, 58: 645-658.

[31] SONG Y S, HONG W P, WOO K S. Behavior and
analysis of stabilizing piles installed in a cut slope
during heavy rainfall [J]. Engineering Geology, 2012,
129/130: 56-67.

[32] T3, GFal, MR, 45 KRERIEZNETRE L
WV AR5 TR LI A T#E, 2019
(1) 184-190.

YANG X L., WU K, HE S M, et al. Large-diameter
rotary-drilled concrete-filled steel pipe piles for
landslide emergency rescue and the deformation

[ J]. Subgrade
Engineering. 2019(1): 184-190. (in Chinese)

[33] ANG A H, TANG W H. Probability concepts in

monitoring after  construction

engineering planning and design, Vol. II: Decision,
risks and reliability [M]. New York. John Wiley &-
Sons, 1984.

[34] CHENG Y M, LANSIVAARA T, WEI W B. Two-
dimensional slope stability analysis by limit equilibrium
and strength reduction methods [ J]. Computers and
Geotechnics, 2007, 34(3): 137-150.

[35] EMe. R, FEA, & BEEILAI T 5 E
BOTIrERE )] Bl T2, 2013, 30(3): 24-
27, 49.

WANG Z, WU M M, CHENG A J. et al. Study on
design method for slope reliability of railway
embankment [ J ]. Journal of Railway FEngineering

Society, 2013, 30(3): 24-27, 49. (in Chinese)

(%4 EFHFH)



