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Slope Reliability Analysis Based on Pad Approximation Response Surface Method

LIANG Bin, GAO Lexing, HE Jie, WU Zheng, LIU Jie
( College of Civil Engineering, Hunan University of Technology, Zhuzhou Hunan 412007, China )

Abstract: In the stability analysis and evaluation of slope engineering, its function usually presents highly
nonlinear implicit characteristics, which makes it impossible to directly solve its reliability. Therefore, a combination
has been proposed of Pade rational approximation in numerical analysis with the response surface method in reliability
analysis, thus fitting the response surface function by using the Pade approximation rational polynomial. By adopting
the Latin hypercube test, samples can be constructed, with the sample data substituted into the simplified Bishop
algorithm, thus obtaining the value of slope function function, followed by the solution of the undetermined coefficients
of proxy model, so as to realize the explicit expression of implicit function function. Based on the Matlab programming
language, the JC method reliability index calculation program is compiled, thus establishing a new slope stability
reliability analysis method (PRSM) based on the Pade approximation rational polynomial as well. The feasibility,
efficiency and accuracy of the proposed method can be verified by two classic slope calculation examples. Finally,
with the proposed method applied to an actual slope project, the calculation results show that the slope project is
characterized with a low instability possibility, which is consistent with the actual monitoring results.
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Fig. 1 Schematic diagram of the force between
the sliding body and the bars
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Fig.2 Schematic diagram of the slope cross

section in example 1
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Table 1 Calculation results of sample points and function

functions in example 1

F5  ckPa  ¢/(°) Z ||F% ckPa  9/(°) Z
132292 22352 0246 || 16 34395 19262 0.190
2 40211 18539 0270 || 17 37.805 22753 0.363
336409 17.948 0.180 || 18 35372 19.017  0.990
4 41730 19.611 0330 || 19 38416 20.787 0.309
5 43787 17374 0289 || 20 43242 21283 0410
6 45238 19.803 0395 || 21 43.964 19.880 0.400
7 37241 18869 0227 || 22 35568 21.691 0.289
8 42341 25465 0535 || 23 38.005 20588 0.300
9  40.607 22.045 0390 || 24 40.895 18238 0.270
10 44816 15790 0.254 || 25 38784 16942 0.190
11 42706 20918 0387 || 26 41325 23220 0.441
12 47129 17.547 0352 || 27 41396 18592 0.289
13 39.803 19.382  0.285 || 28 36.690 20.096 0.254
14 39.589  20.501 0320 || 29 39.049 21227 0.336
15 48926 21.667 0.523 || 30 33712 20291 0.207

TEARAG 1 i 30 215540 A AR I (4 i bR 2L
HZ)E, M (14) ARIGH AP A 2T R
Pio O Ry Si Ups W, M EE T PRSM 3 AR
PRI SRS, SR JC R TITAR, IEIBONE A (40,
20) MEoA B A AT . BB (1, 1) By 7 e a0 e o A
PR, kU5, SRAFATRERESRAR A1, 1)=3.151 8,
HARE ISR P =8.114 1x 107, L (2, 2) BirifisiE
o 7 A CHRA AR, SRAS AT REREREAR B2, 2)=3.294 4,
FRRL AR RO P,=4.931 5 x 107,
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Fig. 3 Schematic diagram of the slope cross

section in example 2
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R2 EKF2HERIRINEERFITELER
Table 2 Example 2 sample points and function function

calculation results

B ¢ /kPa c,/kPa 0,/(°) Z

1 25.857 25.326 10.193 0.207

2 44912 33.152 14.139 1.020

3 28.818 19.979 11.269 0.320

4 32.592 15.183 12.152 0.340

5 37.758 20.957 12.534 0.580

6 32.741 21.023 11.777 0.450

7 35.348 22.472 13.420 0.582

8 43.173 23.140 11.630 0.676

9 50.700 22.921 13.327 0.855
10 34.901 27.703 12.344 0.617
11 41.470 27.020 12.064 0.754
12 33.990 28.429 10.451 0.566
13 39.113 30.564 9.456 0.684
14 42.457 29.333 11.981 0.816
15 30.044 18.926 11.110 0.332
16 40.041 11.659 11.569 0.360
17 44.284 28.742 13.138 0.883
18 36.965 17.228 11.881 0.457
19 58.815 24.644 13.788 1.023
20 31.736 24.073 10.542 0.449
21 27.408 32.547 12.970 0.277
22 22.035 23.689 10.750 0.027
23 49.450 22.026 12.233 0.770
24 46.257 25.686 12.809 0.832
25 36.271 26.050 11.424 0.613
26 48.050 24.751 10.925 0.746
27 38.406 21.535 15.169 0.684
28 40.543 19.569 12.689 0.602
29 37.069 26.484 11.146 0.629
30 41.825 18.168 12.422 0.574

R3 TAEHEFENTRESR
Table 3 Reliability results calculated by different methods

TR AR AR B E REEMEH P, 1%
(1, 1) ¥y PRSM 2.209 3 1.36
(2,2) ¥y PRSM 1.936 2 2.64
SCHK [14] Jri: 2.180 0 1.46
SCHK [15] Jri: 2.170 0 1.49

4 TIESLHISH

S B R A I A 15 m, BEEE R 122,
SRR, AR E BRI . I FRHZE AT
Wk g1, BEEPE, JFOh 0~1 m; HplHbE N K
GE IR TR A, JRERF 3 m; FEbHUZ N K
XA BT s, JRERT 10 mo 347 + Tk
JEAIFA, B )RS y B REBUN, BRI .
WEEHE S @ AR SRR, BT LT e o VNI S,
A y R, % T RSO0 2 ) A S50 S it

FHIEANZE 4 P o
®4 IEZGIBRNFSHRSITEE

Table 4 Ground mechanics parameters with the statistical

characteristics of engineering examples

c/kPa o/ (°)
YA brii2e A bR
FEHE 48 032 180 168 25 280 24
REBHUZ 180 0.30 200 300 35 257 28
FESHUZ 900 0.39 18.8 92 12 128 16

{15 = S 5 Y= SN O 15 S 7 B DA e oo
Ben o0 ¢ 0,0 50 o3 ERFEHLIA R TER x={c,,
D1, Coy Pay C3y P3 =11, Xo X3, Xy X5, Xo ), AT RLE AN
5N,

x5 IRILOIFEAIRINGERHITESER

Table 5 Project example sample points and

)2 EMPa v p/(kKN'-m”)

function function calculation results
S oe/kPa /() co/kPa 9,/(°) ¢/kPa 9y/(°) VA
1 17.168 26.045 28.205 24.780  7.523 11.552 0.500
2 14229 29455 25522 27.593  8.095 10.088 0.414
315321 26773 27.820 25267  9.158 11.799 0.574
4
5
6
7
8

16.515 27.394 28.849 20.276 8299 11.829 0.512
20.133  26.621 29.821 23.490 8577 12.455 0.605
14.871 24976 29.116 27.853 10.063 12.686 0.700
18.438 25.807 32.731 25.693 10.969 12.619 0.800
17.497 28.170 30.152 21.757 8.554 14.063 0.691

9 16.286 23363 36.760 24.400 9.699 13.955 0.816
10 13.587 30.195 30.520 26397 8375 14310 0.742
11 16.095 28251 35.759 22802 9.343 15351 0.867
12 16.920 30.378 27.095 30.610 9.941 14.754 0.840
13 12.863 29.080 31.325 24.199 7.678 11.048 0.488
14 17.391 29.930 28.542 32.602 9.429 9.776 0.504
15 15.028 24.026 32.274 22525 10.108 14.350 0.789
16 16.710 25.649 31.976 26.125 8889 10.573 0.523
17 17.677 27369 23.147 21.466 11.046 13.108 0.645
18 14.577 28580 25.030 23.772 7.879 12.934 0.559
19 15.776 31.228 24.670 24.676 7.008 16.547 0.746
20 18.017 27.901 31.000 26.769 6.084 12.878 0.574
21 10.574 33985 33.548 29.457 10.574 12.330 0.742
22 19.674 29.620 27915 26.531 10.281 13.379 0.738
23 22397 32251 32991 25.102 8.772 13.516 0.727
24 19495 28.806 31.513 29.063 10.461 13.331 0.801
25 15.539 26292 26.235 28.757  9.287 12.230  0.600
26 18.123 24.649 30.712 25.819 9.606 11.384 0.598
27 13.892 28.833 26.647 27.208  9.005 13.787 0.700
28 20.780 30.782 34.124 26.938  9.795 10.887 0.610
29  19.076 27.682 29.702 23.252 8968 12.061 0.590
30 18.665 27.007 35.147 28332 11.944 15.132 1.008

MR S Y 30 ZAE AR ) E o SU(E AL
BT e e 3T A P 2 T A 2 35 Ky RE R K ) 10
WAL FAATIC %, &IH5, 195 f=5.024 2,
Py=2.528 1x 107, HFEEUREN], ALY
BUARAIRDL Ay P REPERZAR o




38 WMo Lok ok % % i

2022 4

5 ZEig

1) A SR A BR -7 325 v (%) £ 46 Bishop 7,
FIRPL T S B B s AR A, a1 3 F1if
7388 3 A 2 22 I A BARE TRY (  30 m S T R R
(PRSM ) , Jgilidl T8 i B R Ltk B S o g ek 25T
SERESR AR T — SR tE .

2) PRSM P51 X6 1 G i 17 T 5 Hh 7 i 3 THT R
BTt A A B2 W R AR
e ik 2miE0E, HI MRS AR s, HY
BEALAS G, (2, 2) B PRSM ARSI L (1, 1) By
PRSM (9 . {HL 2B (2, 2) B PRSM ARG FEAS
J (1, 1) By PRSM R BL, L5 R A e B A%
BEHLAS SEA S R 1 A s B A 7EHL S PRSM R FASE 7Y
W Z IR BT IR R B ST, A RpiE— P hoE

3) B SHIEUE, KA, H
MRS AL, HTER/NT SRR, BA
— M T RS M

S 3k

[1] BEE, &R, e 45T RERS M]. bt
FEESR Tl iR, 2010 21-64.

ZHAO Guofan, JIN Weiliang, GONG Jinxin. Structural
Reliability Theory[M]. Beijing: China Construction
Industry Press, 2010: 21-64.

21 & W1 ZSRTEERE AT kSR (M) dent: B
SRR, 2009: 19-208.

ZHANG Ming. Structural Reliability Analysis: Methods
and Procedures[M]. Beijing: Science Press, 2009: 19—
208.

3] AEFA, BRtfs, FEAE . s S TARAE (M]
2. dbst: ARSSE L, 2010 99-136.
ZHENG Yingren, CHEN Zuyu, WANG Gongxian.
Engineering Treatment of Slope & Landslide[M]. 2nd ed.
Beijing: China Communications Press, 2010: 99-136.

[4] BISHOP A W. The Use of the Slip Circle in the Stability
Analysis of Slopes[J]. Geotechnique, 1955, 5(1): 7-17.

[5] RKF, A, Ak ffk Bishop WA H ML
IE (0], &A1 5 TS, 2007, 26(3): 455-458.
ZHU Dayong, DENG Jianhui, TAI Jiajia. Theoretical
Verification of Rigorous Nature of Simplified Bishop
Method[J]. Chinese Journal of Rock Mechanics and
Engineering, 2007, 26(3): 455-458.

[6] ke, PHLL . FETAUHBRL B 1 i RS Al S 5T
5 (0] B 1224, 2012, 29(6): 705-710.

SU Yonghua, YANG Hongbo. Reliability Algorithm of
Slope Stability Based on Kriging Metamodel[J]. Chinese
Journal of Applied Mechanics, 2012, 29(6): 705-710.

(71 % i, BB A 5 S A AR nT SR A b
58 [D]. Kb WIRIRE, 2015.

LIANG Bin. The Research on Analysis Method of
Reliability for Stability of Tunnel Surrounding Rock and
Supporting Structure[D]. Changsha: Hunan University,
2015.

(8] K U, 2241 . FEF Kriging BIARYS5H W] FEES T
[0, HHE 122440, 2006, 23(2): 175-179.

ZHANG Qi, LI Xingsi. Analysis of Structural Reliability
Based on Kriging Model[J]. Chinese Journal of
Computational Mechanics, 2006, 23(2): 175-179.

91 #PAs, ERel, %R BUEHT (M]. 5 /. Jbat:
TR A, 2008 80-83.

LI Qingyang, WANG Nengchao, YI Dayi. Numerical
Analysis[M]. 5th ed. Beijing: Tsinghua University
Press, 2008: 80-83.

[10] HSALTE . Padé i@ #7 T MAEWFSY [D]. Kik: KIEHET.
R, 2004
ZHENG Chengde. On Univariate and Multivariate
Padé Approximation[D]. Dalian: Dalian University of
Technology, 2004.

[11] RACKWITZ R, FLESSLER B. Structural Reliability
Under Combined Random Load Sequences[J]. Computers
and Structures, 1978, 9(5): 484-494.

[12] B, KL% . BT om BT R 9 H 2293751

OrHT R SRS E P ()], A R TR, 2004, 26(1):
42-46.
CHI Shichun, GUAN Lijun. Slope Stability Analysis
by Lagrangian Difference Method Based on Shear
Strength Reduction[J]. Chinese Journal of Geotechnical
Engineering, 2004, 26(1): 42-46.

[13] SRIPEG, TR, RBERE, 55w S o A
BROCHE & (0 RS B AT SR (0], B IE Tl K27
e ( FIERFIERR ) . 2009, 32(6): 885-889.

WU Kunming, WANG Jianguo, TAN Xiaohui,
et al. Study on the Slope Reliability by Coupling the
Response Surface Method and the Strength Reduction
Finite Element Method[J]. Journal of Hefei University of
Technology (Natural Science), 2009, 32(6): 885-889.

[14] CHO S E. Probabilistic Stability Analyses of Slopes
Using the ANN-Based Response Surface[J]. Computers
and Geotechnics, 2009, 36(5): 787-797.

[15] ¥, % R, Jdhdh, 55 TR B PR G A7
1 10 SRS RE R HE BE 2 A (9] B 1 24244, 2018,
35(6): 1267-1272.

PAN Min, LING Chen, FAN lJingjing, et al. A Sparse
Grid Stochastic Collocation Method for Slope Reliability
Analysis[J]. Chinese Journal of Applied Mechanics,
2018, 35(6): 1267-1272.

(AEZR 4. BAIR)



