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Abstract: The identification of optimum evaluation for different Copulas in shear strength parameters of soils (i.e., cohesion ¢
and internal friction angle ¢) is a challenge. According to the g-line, an approach to determine the failure domain of soils in
terms of shear strength parameters is given. Thus, the failure probability of an instanced slope can be calculated directly by
using the integral approach under different Copulas and safety factors, meantime, the differences of the results are discussed.
The effects of evaluation of different Copulas are discussed mainly in terms of S,(p.), AIC, RMSE and Bias. After employing
the above-mentioned index values as the evaluation objects, the entropy weights of the selected Copulas are calculated, and then
a weighted combined Copula is proposed. The results show that using a quadratic polynomial can fit the g-line well, and the
failure domain of slope can be represented by the shear strength parameters respectively. The optimum copula is not accordant
when using the common evaluation indices, such as AIC, RMSE, Bias and S,(p.). When the optimum Copula is not identified
accurately, a weighted combined Copula is recommended because it can effectively control the discrepancies and avoid the
excessive or conservative estimation of slope reliability.
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Fig. 1 Scatter diagram of measured parameters of shear strength

and comparison among different distribution forms
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Table 1 Statistical values of R* of g-line curve fitting in the form of quadratic polynomial under different conditions

y=18 kN/m® »=20 kN/m® y=22 kN/m®
H/m
=30° p=45° =60° p=30° p=45° =60° p=30° f=45° =60°
30 0.9868 0.9786 0.9441 0.9873 0.9790 0.9470 0.9877 0.9796 0.9483
60 0.9878 0.9788 0.9411 0.9882 0.9792 0.9436 0.9849 0.9735 0.9304
90 0.9844 0.9747 0.9118 0.9894 0.9857 0.9345 0.9862 0.9770 0.9148
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Clayton ~ 0.9517 0.7685 -25.1813 0.0162 6.6843
Gumbel  1.4758 0.4884 -17.3335 0.0145 10.2157
Plackett  4.5730 0.2329 -21.7789 0.0129  8.4596

— i, H— Copula XM p (KT 0.05 B,
% Copula 7] L3221, £ 3, H/AMY p (A
0.2329, UiH] 5 Fh Copula W #EZ . AL, A
Copula FJPFN TR FRE LLEEER, FoH, Clayton Copula
HA®/N AIC F1 Bias {6, Gaussian Copula EA
/INF) RMSE 1B, BEHAA RIVEO 4215 H 548 Copula
AE—o ZEE B VPN TRPRME TV T, FEAR IR
1, Gaussian fll Clayton Copula L& 4% B AL, Frank
A1 Plackett Copula {XZ, 1fii Gumbel Copula [FJ4UA FE
B2, (B TFEMMEE, B 74 H T AE Copula #4id 1)
PUBT R SRR G & L EE R N T — 2w EF
% Copula ML, KRBT ZITE T Frik Copula
MIRLEE, W3 4. 7% Copula BUE H K E /N FINRFAHK X
°A Clayton>Gaussian>Plackett>Frank>Gumbel, A IiL,
TERLVPAN 25 SR 5 IR A) 20 4 B (1) 45 SR AR T
4.4 KRYBERITE

33 5 i Copula IRE f5, =X (24) A/453 0
BUG 1) Copula % s 45, FIER 3 P IIFHNES
o raoN, FIHA (7). (18) 7EHLEY R S
FAEM g-line RAURTE N EHEMS>, 745 H B 54
W AE % Copula TR RMER, TR 4.

NT RS RGN, 1E g-line SRAEMI ) BE R £
T, FIH—MATEEE 7% (FORM) KRR

(MCS) 5 TR RS, WaE 4. /£ MCS
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Fig. 7 Contour plots of joint PDFs of shear strength parameters (¢ and f) associated with different Copulas
R 4 RNEFZERBEANLIKIN RS E R RE
Table 4 Failure probabilities and relative errors of instanced slope calculated by different methods
o Copula HH501% MCS
THHITE FORM 1 6000 4B Lk 4
Gaussian Frank Clayton  Gumbel Plackett JIIA Copula ke
GIES 0.1901 0.1728 03020  0.1585  0.1766 1 — —
P 0.2066 0.2016 0.1974 0.1938 0.1924 0.1984 0.2044 0.1986
. 1.08 1.37 3.42 5.19 5.87 2.93 0 —
FERTIRZ /%
4.03 1.51 0.60 2.42 3.12 0.10 — 0
R5 TEREABTEOLORYGEER R &
Table 5 Failure probabilities and values of R of instanced slope calculated under different factors of safety
P;/G/R JiAL Copula
No. F
Gaussian Frank Clayton Gumbel Plackett P¢/R
1 1.143  0.2066/0.1901/1.04 0.2016/0.1728/1.02 0.1974/0.3020/0.99 0.1938/0.1585/0.98 0.1924/0.1766/0.97  0.1984/1
2 1.228  0.0748/0.2209/1.01 0.0769/0.1892/1.04 0.0793/0.1763/1.07 0.0683/0.2059/0.92 0.0727/0.2077/0.98  0.0742/1
3 1.315  0.0273/0.2148/0.92 0.0318/0.1860/1.07 0.0336/0.2056/1.13 0.0252/0.1945/0.85 0.0309/0.1991/1.04  0.0297/1
4 1.403  0.0037/0.2536/0.58 0.0073/0.2043/1.14 0.0084/0.1682/1.31 0.0037/0.1910/0.58 0.0092/0.1829/1.44  0.0064/1
5 1.490  0.0006/0.1906/0.40 0.0020/0.1736/1.33 0.0023/0.2953/1.53 0.0007/0.1634/0.47 0.0024/0.1771/1.60  0.0015/1

THEA, 7 ¢ 5 tang [AIFHE REECH-0.5, KH
Hich 777EPVE R T 10000 ZHBEEIREABEIT 4041, % 4
HIRZE HE T Copula U4 J7 150X+ FORM K& MCS J5
EITAR RO 2 1) iR 22 Ko ARflR, R Copula
B ES FORM. MCS 7245 21 2 2500k 2 Lo A2
i, 5 A Copula 153 A3 R AHXT T FORM
MCS V2 1) 5% K i 2248 57 AN 5.87% ( Plackett

Copula)F1 4.03%(Gaussian Copula), 1 1ji B T 7E g-line
REKIIAT Copula FIEEN ¢ - f BEA MR % R 4T
O] SEFE AT A BRI o X T INAR Copula SR, H
HAXI T FORM Al MCS %I KR ZE 709319 2.93% AN
0.10%, 2 ZRAH X DAL 2 1 1) 3 K 15 22 (AT P/ o

Ak, BE 7 &, AN HAL TR Copula, AL Copula
a3 ()R 55 PR S5 e 7 o B8 22 IR AR B0 o R
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5 iR
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2R, SRR 3 AR SR EE 1 () 24 R F=1.143,
N T ERAF LRI RS Copula 51
YRR R A A, RSBV BAY, RS54
T EMFIAZ T R (¢ Fltang R RE AN 0.3
015 %M T SHEAARM ¢, tang HME MY L
A RH FIRFR 5 Hikgh Y T AN R Copula 323 24
R N H 54L& ) Copula 145 R (]
“R” Ron)o ETHEMMILE, K8AT AT E
FHUCT % Copula XS I3 2 SRR (16 LG 1]

10° - = Plackett
= Frack
® Gaussian
107! = Gumbel
= Clyaton
@' = Jin Copula
10 2
®
107
10

1.143 1.228 1.315 1.403
ELERH

8 A& Copula TEEHAKHIABRES RERH
Fig. 8 Relationship between failure probability and safety factor of

1.490

instanced slope calculated from different Copulas

TRSLIR, T3 (1) 2R 280 e A 22 4 2R 0 3
PN, AHAN[R %242 20T Copula FIT 152K ROME R 2A B
WNZEFME . 24 REEUNN, £ Copula THEZ5 3R T
R, HEREARE, MEZERBMER, %
Copula TH8 45 5L 22 P RIE G I, 40 F=1.490 B,
FIH Plackett Copula 75 Hi )R M # N Gaussian
Copula 1] 4 fi%. HUAE R W5 %24 REOE R w25 T

“17 BB U T IX R R .

AN, TR %A R AR A B, Gaussian Al
GumbelCopula 15t ¥ & RME 2 AH X /)N, 17 Clayton
A1 Plackett Copula 15 H 1) 28 R ZAHRHI K . RIIK,
HE N H Clayton 5% Plackett Copula £ HUfSFH X LR 5F
HIgh 5, W BN A Gaussian 3 Gumbel Copula ¥ 2>
RGPS TTE 93

Copula H & &5t ANFIE R T AN R A& BA
—E MR, UK (S22 250 B,
AT S5 X Copula 2870 LL R R5URS IR &
1) Copula 75 th )13 R B 254 T ANF Copula [
THEAER, T 7 FaR 22 St i), 9 e ik o A
BB FTIERIHELE Copula 17 5] AL 023K

] EE S Al DR < B A A T A T

6 & R
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I RAR . g-line 1) ZIRZ TR G RO R AT,
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Copula #1371 ¢ - tan o BCA % BREE 1% R 803 B
3 e (S 15 R T3 11 SR 2R

(2) #HIM S,(po)~ AIC. RMSE F1 Bias & 4%
73 1 it Copula ANMfE—, 7EAS BEAE AR B S A
Copula B, WHFH PN TEFFS H & Copula MR
B, MR IE A5 T2 20 Copula 1545 R 3 AA
LA, IR AN R 2 .

(3) A Copula iTH 45 FEA 2 7k, HEEE
22 A BB KT W . I & ¥ Copula
15 A R B2 256 T %% Copula HITHE 2R, I
T84 T AN [F] Copula 51762 1) R OME 2 72 S P 1] L, 49
B 3 4 K B B2 R F 5228 Copula 111 51 2 (6] 12135 AT 52
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