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Shear strength reduction finite element method based on second-order
cone programming theory and its application
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Abstract: For geotechnical stability problems, the limit equilibrium method (LEM) and shear strength reduction finite element
method (SSRFEM) have been commonly used. In the traditional elasto-plastic finite element method, a large maximum
allowable number of nonlinear iterations (such as 200 or 500) are often set in the SSRFEM, so that the calculation is generally
time-consuming; besides, the equilibrium iteration and stress integration algorithm may probably lead to inaccurate calculation
of plastic zone and stability. Based on the Hellinger-Reissner mixed variational principle and finite element method, a new
shear strength reduction finite element method is proposed based on the finite element method of second-order cone
programming (FEM-SOCP). In the mathematical programming finite element framework, the elasto-plastic finite element
problem can be cast into a form of second-order cone programming (SOCP), and when being utilized in conjunction with the
strength reduction technique, the resultant approach named SSRFEM-SOCP can be applied to geotechnical stability analysis.
When being applied to plane strain problems, it is observed that SSRFEM-SOCP is reliable and efficient, and particularly the
plastic zone attained by the SSRFEM-SOCP is generally smoother than that by the conventional SSRFEM method.
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Table 1 Bracketing and bisection searching algorithm for FOS
VAR IXIA [ao, bol, WEARVMEE v 0.001 7 0.01
Wt a=ay b=by SRF=1
For n=1:500
FIF MOSEK #lf FEM-SOCP [ /& 75 45 AT AT fift
If (b-a) <e and (FEM-SOCP £ [T i#)
FOS = SRF; Return
End
SRF = (a+ b)2;
If FEM-SOCP LT/
b = SRF;
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End
End
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Fig. 2 Geometry, finite element mesh and yield zone of EX1(c)
example of ACADS (¢p=¢)
HHANHBEAIR T AR, F AR
f#t SOCP Ijdif , i iR of 23O A2 AL A il e 1 — A
LR, NELIE_EUF SOCP T8 ISRk HI R ) K
F JeE I BRI A 7™ M B 2 <07, {H i TR THR
RIERIAFAE, BB AT R B UELAE /=0 BRT, A
FINT AR ESCVFE Yiao E FEM-SOCP 1, F73¢



5 3 40 A5,

S, BT R R R0 PR T A ek b 461

RS R R = Yo WIACHZ AR AT AR, 75 05
PERAS o Yoo EUE KN FE 220 BEVE XA — E IR 20,
JHUES MOSEK K2 B R VFEA X . MOSEK
K SOCP 1] # 1f) J5 4 - % 4 s ik 5 A2 22 58 1
S8y por o o M ELEEREP=(pyr par
Per Pir Pr)s FE MOSEK HERIN 45 22 55 & A pp=(1 X
10%, 1x10%, 1x107, 1X10", 1X10°%), &YX —
MrEZH u
p=up (24)
Y =1, FRIE MOSEK 3K fift 4%t % BRI 25 22
S8, W p=p o WIEEETHELE RIS, Yo TH
A (25) WhE
Yom—1 X107, (25)
FEAHRA u=1, B Yo=—1X10°, F|F§ SSRFEM-
SOCP VLT HARIMMEEX Ak 2 (o) B, 1
K 2 (d) J9RF SSRFEM i1 3RMERIMBIEX . Xk
2 () A2 (d) M¥BTEX ATAN, Pikhr ks
SR X FEA—3, {H SSRFEM-SOCP 1 ¥8 14 [X B &
FINSPIE, 1M SSRFEM & T& G s 8 e HEAE S,
T BT Newton-Raphson Z5JELE M1 A R M. 17
Uy, ATRES SEUNF 7 1) J& Bl 3 X ) A% 328
BEM S EBOB X HIATHER R . AT RIEA T
() IEAf 1, (R R A BR 7G84 PLAXIS 2D %1%
B AT SRAE, E PLAXIS 2D g, SR 2
15 1 L= A TR TG, A PRI A 5 2 1 B 5505% (very
fine), #L£ 887 MHIL, THHEISEMIEXWE 2 (o) Fir
7No PLAXIS 2D R ¥V X I, 406 SR m B UIIR,
B RN AR, T B R AT IR PR
LM BAX 43« PLAXIS 2D 575 3 i 38 11 [X th 4>
HIAFIILG, RS T RGBT H AP )
T JE) [l 380 X 3 A% 328 2 T SO M X H BAS P 18
i
T ULEAE FEA R RSSO M B, 5] N8
Ik 2B p=plg, H O0<p <1. \E3 (a) FaJLIFEH,
AE R (RIGMEEIER) Davis A3, FT
SSRFEM-SOCP 15 BT 3R 15 1) 22 4> R EHR 2 B BIr 3
IR, {HIETJEAAH) Davis AR IR SF
A RH LRI MBI . RIGH Davis A3
W wop TE 51 JE AT 0L FE R AR AR FE A, T IE 1)
Davis AZNH anp 155 E TG FE A B N BEHE A g
BIRK S ol Tk T AN T BE B, TSR A 22 4 R A it
e 24p=0 I, wop Manp B SRF EAEFEE 3 (b)
Fi7R o
PLFHSCERYEE Co=¢) NI, HF SSRFEM Al
SSRFEM-SOCP BT R (1) ik s AR, XL
AR 4 () A 4 (b) fizs. XFF SSRFEM,

S VBT ANYST S5 75 22 1) 2 AR i Bzt a7e KT S e S
P AR, M E R K SRR IR AR
maxit nl A 50 BEANE] 500, THEA A RN,
SSRFEM ] Wi {7 22 V- iy B AN -5 B 75 1H 50 8 22 e 48
K, 1A SSRFEM-SOCP 1 Wr 3K fift v] 47 8L AN vl 47 75
BRERBEGTEEHZEAKR, WTARER, X
L 75 2 MOSEK SR ARAF ALY 8~20 UK H W ik
I AMATERA T 4T Xt SSRFEM il SSRFEM-SOCP
TSR], @ik 4 (¢) Fizn, SSRFEM JHAEMITHE
7] 35 2 5 % B (1 i K RV HEZR AR KL maxit nl
AR, T SSRFEM-SOCP JH#E [ v I ] — Al 4 T
maxit nl=150 i} SSRFEM (1] 715 8] . ¥ SSRFEM
F 52 Br TR ) 8, 152 B 1) B KA R B — M X
maxit nl=200 2% 500, KA LLHITT SSRFEM-SOCP
FIsR R BT . B4 (D 4T SSRFEM Al
SSRFEM-SOCP ' "/ ME M R 24 {52, wE
WIRIX 8] [ag, bo] =[0.2, 3.01FNUEL FLVF{He=0.01, —
e R TREA R 10~ 13 i E A 0] 15 22 48 5140

o SSRFEM-SOCP(w,,)
e SSRFEM-SOCP(w,,,)

1.24 . ! ! . |
0 0.2 0.4 0.6 0.8 1.0
B
(a) HLRBFOSBELHIZEL
1.00
0.95| o~ .
— o
090}

© +2R10,,)  * LE(0,)

085 o £E20,,) ©HE2A0,m)
n 1R3(w,,) 0 LE3(0,)
080} i :
0.75 1 1 1 1 1 1
08 12 16 20 24 28 32

SRF
(b) wpp Moy, HESRF B L2 (5=0)
3 ET SSRFEM-SOCP it BiSEIf FOS R ol TEWITIE
Fig. 3 FOS calculated by SSRFEM-SOCP and evolution of @
600 o maxit_nl=50
—»— maxit_nl=150 "

500 5 maxit_nl=300
—A— maxit_nl=500

1 1 1 ]
1.0 1.2 1.4 1.6 1.8 2.0
SRF

(a) ¥Hmaxit_nIBA [FMEHTSSRFEM ) AR B



462 =

+ T B % ik

2019 4F

60 - —o- SSRFEM(maxit_nl=50)
—e— SSRFEM-SOCP
50 +
40
Z

30+
£
e

=201

RERH
(b) BARKERT K (maxit_nl=50)

600 1 —o— SSRFEM
---- SSRFEM-SOCP

1 1 1
100 200 300 400 500
maxit_nl

(e) THEME

24T _o- SSRFEM{# %1 (maxit_nl=500)
—e— SSRFEM-SOCP# & il #

R S TR T
RERH
(d) RERBPHRAR
4 #|F SSRFEM #1 SSRFEM-SOCP & &£ Z % FOS #Y
B2 (o=¢)
Fig. 4 Searching process for FOS using SSRFEM and SSRFEM-
SOCP (¢=¢)
3.2 AWBRELINK
ACLL Donald %PVriis I 2 L A A,
LI UAAIA FRTT A& W 5 Ca) s, BEASSKRARIR
KI5 T 3726 M. LR 1VMLE 2 CREGIED 1)
MEZE L 3 Pis.
*k3 BUHERELFRIAENTESH

Table 3 Soil parameters of soil slope with a weak layer

+Z c/kPa #C ) YEN-m?® EMPa v
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Fig. 5 Geometry, finite element mesh and yield zone of soil slope
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