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Influence of time combination pattern of horizontal and vertical ground
motions on slope seismic safety factor

HUANG Cheng', WANG An-ming’, REN Wei-zhong'

(1. State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences,
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Abstract: Firstly, influence of only horizontal or vertical earthquake loading on slope seismic safety factor is examined using stress
integration along sliding surface and the dynamic FEM time-history analysis method. It is shown that under most conditions the
vertical ground motion has the same significant effect on slope stability as the horizontal earthquake motion. Then, the effects of the
time combination pattern of horizontal and vertical accelerograms on the dynamic safety factor are considered. It is concluded from
the analysis results that the pattern with peak acceleration values meeting in time domain and the random time combination pattern
may lead to over estimation of safety factors because of not giving the most significant superimposing effect for the vertical
earthquake loading and the pattern with maximum action effects meeting in time domain is the severest pattern which allows for the
minimum value of safety factor to be obtained. Due to the largely unknown behavior and random nature of earthquakes, the
possibility for the pattern with maximum action effects meeting in time domain should be considered for slope under
multiple-dimensional earthquake action to get the more conservative safety factor for the engineering design.
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Fig.1 Stress state of a point on the slip surface

T ()=c, + o, (t)tang, (2



3406 b +

b 2010 4F

K o o BB | A MPTBTSREFR R o
T L3 PR AR BT 2 4 R A00PT E SCOA VT Bl THI R e
U B 58 MBI 2 W, wT G R RS
PN W N
[le; +o, () tang, 1T i(ci +ol()tang,)l,
Fy (1) = r _ ~ 1=
[t (ndr

T

Sl o,
i=1

(3)

A ¢ oM. NIRRT AT, 1M
X IR B, NGRS P
M5 s )k AL

FEART)) J) 224 RE RO R IR T WA E T 201 1)
TR A A 2% BRI [B) AR A a3, iR 3l 7
FeE R B VP B8 T A
2.2 BRERBCRMEER B9 H 5 KHE

AR 3 e SO, ARGl T VRSP KStresslnt.
FOO  FH A SR g o — [l o g 1 (JA 9O B ffr 4 ) 1)
B) )27 2 E WRATE &SN ) - (@0 155 Hr
(PR 736 ), W) 2 4 RECR A B L ) 24
R M2 A R AT R 2 R 4% ik
H ARSCH P B ST R 0 N ) AR R e sk A 1 As e
P22 4 KRB0 A BT T 5L .

ZE ] 2 PR 3 A AE /R R i e
I T T P o ) 1 2 4 R B

WHESHN: B p=19 kN/m’, ZEc=5
kPa, WEEES @ =30", HRITN 150 rit, #
BEAR kA genitt, WERWEET N BUMER %
2 RBON RS H (PR L MAA L) AN BUK . £ 1
25 25 PN PR P-4 4% 7325 (Slide B0 5 N )RR A3k
THEAE IO L o

(39.6741%0.900)

R=51.864 (80, 50)

(130, 50)

(0, 30)

(50, 30)

0, 0) (130, 0)

B2 fRERERASER (AL m)
Fig.2 Slope model with slip surface specified (unit: m)

R 1R EEET R A] DUR B, X T B 90 5,
A AT BRTT R T RGN S A (R AL 3R 22 4
AEE W A i r R g R, Hies
ABAERE LS, YAWIASC I G il (K 5 1 BUMERE Y

RIFIIARGE M2 R ECE AR, T TR
I 23l ) 2 4 R

R1 AAFEAERBRER—FEKNZERE
Table 1 Comparison of slope safety factor for the same slip
surface calculated using different methods

I Bishop Janbu  Corp of Morgenstern /)
L L Spencer . §
J7ik: simplified corrected  eng#2 price AVAREN
2& 1.141 1.139 1.146 1.144 1.140 1.163

2.3 BRI RSN ) TR R R S

I i o A9 2 P AR 0 SRARIE B B 43 T FE )
— PO, BEE LR AB RN ESEAN R
SRR AR R, ARk
[M i)} +[CT (i} +[K {u(o)} =~[M][T i, ()}

@))

A (M) [Cle K15 3 AR A BR TR A o=
FERE . BHJREFERSAARRIBER RS Qi) « (o)}
{u ()} 73 R ARG, AU BB L THRE B B R A
BAIRE: (i, (6)} A N M J Tk A0 B[]
N TR R B 23 B (R s A

JH sk (4 s mT DA N b i R D Il %, 18
PSS RSB R RS RIS B 7 R, ANSCHE KA
PR DYNA3D [T BB 5 Rish
BOCRF T4 L, gid 2 IFR, BN T A
(1) SR AR L3 22 4 BB N IR RE Y, nlLAfS 3
WA AN LIRS . . I, BN
FI BN N AR S Pl b 7R S N, 3R ] SR A HEA I 1)
DIFE P IS P MR A F 8 Cln 311 A1 8
T 1 T 01 22 A R AN R S AR OB [X AR
KIENFE), DYNA3D FE/7id nl DLy {8 Hb % fE 44 Fl
BFIA SN, IR I .

B N 140 L R A S ) M R I R s,
P BETE S DA AR R N T R N T =%, AT LA
(7] o 6 8 K S i) R 8 i o 3 FEE N,

TR ITL T
i\

B3 MR PN RS T AR
Fig.3 Schematic outlook of slope dynamic model subjected
to earthquake loading



11

B AR AR I g 8 ) iR B (R N TRDE A O 1A 3 ) 224 A R 3407

ALV MR Bl R B A AR L
EL Centro-NS HufE e, ¥ Jeib AT 84y i LL R 4
WA 0.15 go M T4 B 280 B BH e i
PR PE BB E, R P AT 20 7T LAAR
PR, s SRR O M E R
SEOTATCL B, bR RS 0 36 A X v A 4
TS, HuE e A sy, HAA R oo Bk
FE IR th AN BE R B s A 3 (R AL 4R S TFIX
ANV, A S I EL Centro(NS) R IEA TR S8,
JERBR 15 Hz UL BB msiscsy, ARG & LR IE,
B JE A3 B PN e R, e 4 R

0.15
%005
P
bl
= 005 oMY M5 2 SIL 30
t
-0.15 /s

B4 23R RZL R LR EL Centro iR 3 I B R
Fig.4 Filtered and Baseline corrected EL Centro
accelerogram scaled to a peak acceleration of 0.15g

FRYR AT R T TR B M T b o i B
WREHR, K THESPUR R e
HUATE 50 m AL DL A7 A Ffy v v s A
FAGWCAHUIATT) 50%, FEATH FAE 50 m Abr)
TR 0 B AR A AR FE AR A, A
BN P I A o 0.7 Ji FHVE S N HLE 5

3 FLJA R SR AR

T 5 ) By KV ) M R B AE I [ AN [
B G REARTRIEB) ) 2 A R B, S B
[y R B R (AR E P 1

IR 520 2 Pros iR, oF S FR AT
NP # Sk 2 Priil.

K2 WSS EREYIE H E S
Table 2 Dynamic physico-mechanical parameters of soil
material of slope model
M PR R B S
3 HE[yN 2 5 i
/(kN/m”)  /MPa /(kKN/m”) /(°)
19 48.0 0.29 5.0 30.0 0.05

FHJE bt

SR, 3 2 RECS MR IE S KA
TOMBURR, ASCE I LA R R DUR R fif AL
(R, RO R S IR A A 22 4 R B 5
3.0 KRR R R RN A

R B 4 P (Rt R A 7K BT it 7 &

3 PRI AR S KT ) E, Gl P Rk
IR AR 43Rt v P v R & s T 1R 30 7
Puin 71 5) KB @4 25 6) N FE .

120 Wahy ------huids q 128
115 b IR
110 b
Z 105 | B
5 100 /) A L6 5
R 095 | |, =
£ 090 F 1~ %
oss | 4 1.08
0.80 . . . 1 104
15 2.5 3.5 45 5.5
IR TH)/s

B 5 KT F R AR T RS R B SR R R
Fig.5 Time history of the total resisting shear force and
the driving shear force along the specified slip surface of

slope subjected to horizontal earthquake loading only

140

130 }
%ﬁ 1.20
B
& 110 F
S

100 }

0.90 .

0 5 10 15

t/s

B 6 AKFrMREMIERTHZEREHNE
Fig.6 Time history of slope dynamic safety factor subjected
to horizontal earthquake loading only

BT AT IR AR SO R JIRAS, KL S 6 AT LA
Fih, Y AEAER TR ) RN 1163,
BEAG MR DR A5, W21, b K Rk
iR, 7E2.57 s, BT SPE )
HH I B AN R IR0 DR 3R, 22 4 R BRI dpe /MEL A
0.943, AHXFTHEIPIRGL, FFET 19%, Bl WLKF17]
i RS B 5 B A T IR s e A R AL
3.2 B Hh RSN AR R RN A

oA T2 5 R 1) b R ) BRI P R0 i e e
(R SEI, 44 (DA PR b R 1 Ay 1 1) A I8 it n
BRI, I 180 BN B ook s ]
—MIREa . bo (B 7 K&ahw e 25K 8)
MmT . K 7. 8 ITLUE Y, dre A EAEH N )
Wi 1A /BN 1.163, 57 m/E RS UUHL, B
FHHGEE AR, WA PUE I kR e R BT
TlEIE G, 24 BB TR ST b RE I



3408 b +

b 2010 4F

P23 ARARL, 7E 2.81 s B ZIIA 2 5/ ME 0.990, A
P PIRGL, FBET 15%, A WL A st
FHPRAC T A S R AN BOEA R
BT, BARFREERGE T /K I HE )

RNt o
W
.  t

13 F

.
)t

WIS J1/MN

1.5 2.5 3.5 4.5 5.5
1) /s
B 7 B EAER T KRS R AR R
Fig.7 Time history of the total resisting shear force and

the driving shear force along the same slip surface of slope
subjected to vertical earthquake loading only

135
130
125 }

o 120

§§ 115 }

& 110 F

®oo105
1.00
0.95

0 5 10 15
t/s

B8 R R TR SRR
Fig.8 Time history of slope dynamic safety factor subjected
to vertical earthquake loading only

4 OOLTR) I A VI TA) 38 1 18

KT 1) 5 % i) b R B 06T 32 3 3 72 8 P #1
R, BT AER AR Hr b, B[R] g
A 2 R bR A S AT IR G R o

b SO B ) b 5 B R 0N AT AL
TSR AT ) 5 % i b RE B (1 B[] a8 A A 0] 4
I Hb R AR P e 4 R AU
4.1 K 1n) 5 R e R B Y B TR A S

PSR SR HEK RN, HER 1 iz 5)
R H2ARNZYEEE), W3 A PaharER 3 AN
Il R s =l [E1 Y 1B/ Sl =D oy INE 2= 2 X | i
({1 sk . Penzien SV AR S B Hb R WL W% R R 2T
WHESIER, HOEZNAAAE 6, ANFE R L=
ASE ARG, BRI B EE W K
Y- ) Hb i B B ) bR Bl AN A OC BUORH DGR R I,

H LA T ] TR A B ) v B AR A AR . W R A
BB, WAR AT B Bt B0 1) 78 2 2
SR AL  IRAT I AR 2D 2 R IX ANRE IR (1) ) 8,
TCVE HE E F RAR M FE 0 2 N TR A, — %
KB H BB A, P A2 I i e 8
B NSRS IX 2 Bl s A DL R
ASCIIF G H () d5e KA FH RS A
4.2 JEEFEEEESERN

F &% MR [FIINE R, i U SR St 2 Lk
KV ) 5 188 o) i R 08 P 3ok PR VA A I )
SR B KA GAE RN, . RSO R 4 BT
R [ S e 0 3 (A AR R T 308 PR 7K S ) %
) b, I DR SR AR [ T3 24 R
R, K9 . HERTUE R, 3hws
RE SR BB 2RI ER SRR R IR, 7
2.58 s I ZIiA I f5c/MiE 0.934, AN FEF PR, F
BT 20%, AT ILFRARRRE SR NE i /K [ M 2 2l
(19%), "B [ HbFE B (1) B AR FF A B ik, 3% 55 e 1
iy 7E By U E LA B SR A RO 1R 4 SR AN AH
s NRANWEFUIAD, AR, W55 38 o) 242 R
AR AR

15

14
w 13 F
3
K 1.2
W
PAREE W 8
o0}
0.9

t/s

B9 KR5S R RESSE EE RS
B T2 &R
Fig.9 Time history of dynamic safety factor of slope
subjected to the combined effect of vertical and horizontal
earthquake loading with peak acceleration values
meeting in time domain

4.3 FARERABMNEEHE

WL F A B M RE BN VR RN K o AT, A8 T
R AN R IA B A RERAE IR T s, R
TSR KT 1] 5 % i) 1 5 5 P s AR FE 200 76 1 1)
B, DO BRI S5 O BV E RN (% 4 R 5L
WRAED) s A5 KT ) R Sh AR B ) M RE B A8 IR 0.24 s
W, B 10 it R,



11

B AR AR I g 8 ) iR B (R N TRDE A O 1A 3 ) 224 A R 3409

1.80
1.60
1.40

1.20

TR RS

1.00 f

0.80

t/s

B 10 KPR5E RSB RMNEE
B T2 2R
Fig.10 Time history of dynamic safety factor of slope
subjected to the combined effect of vertical and horizontal
earthquake loading with maximum action effects
meeting in time domain

M 10 ATLCE Y, 37524 /5 Fs 5 2.81 s
I Z 3% 2 e ME 0.830, AHX T SRR T
29%, BEARHR LW W T/KF mbRESN(19%), W]
i TN L VR B (20%) BT B A
FHZSONE ) B ISR 03 .2
4.4 BEHLBEHRK

FEMFE I REE TR, ARSIk
172 P DL, — Bl ARYE PURR VG I B W AU
RN TR, e R R T
TP ATIIREALARGL A1, BRI BIB A A € IR AL
Pho I Pl DU LE U AT AR DU 2 1 B 2% 1 (1 52
DIRARFZWE, RARIBTEA 5 L BAT 9 LR BEALIE
AN AR MR I G R AR X 2 PG DL B
BEANBE DRAIE 22 ) R Bh (K e (I B 77, S ANRE
PRAUE IR FIBONE A, T2 — R BT BENLIE &
R, BT LS H 20 B4 R AT REAN RE 78 70 R B
BRI B INACR,  HEA R RE A A AT
WREBIIERIBOR, A ont 22 4 R E) s il o
4.5 THEERM LT

MR TSR 3 AT TR AT
M 3 BT HE R DU, AT K-
RS, R U RE SR RS D RE PR ATROR
S, ANRERNG, T DAEREAT R N RRR AT I
T[Ny 2% R KT ) 5 s [y R MV E s (RS
RSP AN T8 A A, 1 U AR A AR 1 5
L VP BB LI A R BT AR S UL, WIANRE
TR B ) MR B AN i, EE AR
REFF LU L R BN A BRI 2 A R A, IXAE
TR R T fE R o

®3 WRIIAFBE TR FHERRN
Table 3 Action effects subjected to different earthquake
loading combination pattern

o A HhE 1
BRI
7K i) 1B ) EAIBE BORMNE S
N FREL 0.943 0.990 0.934 0.830
AR 19 15 20 29
FARFERE/ %
5 4 1w

(1) IR AR R IR R AR T2 R I T (14 1 ) B
PSRRI RS 2 A REONFR AL, B HRE
2l LLR E AR ) e a R/ HL AEf A=
SARIRI AT, A RN g /N T /K [ =
Ao P, O RUH IR R SN 4T 25 FE K- L5 8 1)
MR R S S P

(2) FERIEIN 2 e A AN R S N 34T+
A SR DL I e R o 5 288 1 AT L3 A5 5[] IS
TN 1) 5 R s, AEAE AN RESE AR BLT
R R B ST T U B [ B IR, A7 A gk
JEA AAPURRE %A R BN Al vh, s
[ 72 50 T LU (R R A 1

(3) fERFMTESER N 18l 4 R AN RE Y
MrifFEatiz b, JE I A G SR I 1] 55 DA KA
FHZB0REA8 5 B N X ) 722, AT LA 8 M A
H X i) R B0 ) 28 NSO, 45 B ) 2 4 AR BB AR B
Mo BT Z YRS SRBENLYE, VA% R
SE b Rt R B8 A RO R ) ReE PE RS2 o

2 % L W

(11 BRSO\ SR AR 2 AT ()], LR 5y
%, 2009, 17(1): 29—38.

YIN Yue-ping. Features of landslides triggered by the
Wenchuan earthquake[J]. Journal of Engineering
Geology, 2009, 17(1): 29—38.

(2] SR BN 8.0 et fih A i 1o I ML B o B

SRR[T). A S TR, 2009, 28(6): 1239—
1249.
HUANG Run-qiu. Mechanism and geomechanical modes
of landslide hazards triggered by wenchuan 8.0
earthquake[J]. Chinese Journal of Rock Mechanics and
Engineering, 2009, 28(6): 1239—1249.

[3] XUZLb, s, XA, A I R AR At
FEHR[T). HhE TS TRHES), 2005, 25(1): 164—171.



[4]

(3]

(6]

(8]

2005, 25(1): 164—171.

R, A, JEDOMK. AU A E M2 A S
W R B BASE ] A%, 2007, 28(2): 224—
236.

LUAN Mao-tian, LI Zhan, FAN Qing-lai. Analysis and
evaluation of pseudo-static aseismic stability and
seisminduced sliding movement of earth-rock dams[J].
Rock and Soil Mechanics, 2007, 28(2): 224—236.
TR, FEh, BERAL. SR AR E M)A S
Mr[I]. HiE THEE TEIRZ), 1997, 17(4): 114—122.
HUANG lJian-liang, WANG Wei-zhong, XUE Hong-jiao.
Dynamic analysis of seismic stability of slopes[J].
Earthquake Engineering and Engineering Vibration,
1997, 17(4): 113—122.

LING H I, LESHCHINSKY D, YOSHIYUKI M. Soil
slopes under combined horizontal and vertical seismic
accelerations[J]. Earthquake Engineering and Structural
Dynamics, 1997, 26(12): 1231—1241.

PLLE, BHEAR, PhAL, A5, 25 8 IR ) o B 1
Newmark #ERAIFIEL[T]. & 1015, 2007, 28(11): 2385
—2390.

LI Hong-jun, CHI Shi-chun, ZHONG Hong, et al. Effects
of vertical acceleration time-histories on Newmark sliding
block analyses[J]. Rock and Soil Mechanics, 2007,
28(11): 2385—2390.

ROBERT SHUKHA, RAFAEL BAKER. Design

implications of the vertical pseudo-static coefficient in

[10]

(11]

[12]

[13]

[14]

3410 Fer + VA 2 2010 4
LIU Hong-shuai, BO Jing-shan, LIU De-dong. Review on slope analysis[J]. Computers and Geotechnics, 2008, 35:
study of seismic stability analysis of rock-soil slopes[J]. 86—96.

Earthquake Engineering and Engineering Vibration, [91] ANDRZEJ SAWICKI, WLODZIMIERZ CHYBICK]I,

MAREK KULCZYKOWSKI. Influence of vertical
ground motion on seismic-induced displacements of
gravity structures[J]. Computers and Geotechnics, 2007,
34:485—497.

A, B, X, S T RoTIAsRE YA B
Hh 22 4 RN E SR 5 A 025 TR AR, 2005,
24(13): 2225—2230.

ZHENG Hong, TIAN Bin, LIU De-fu, et al. On
definitions of safety factor of slope stability analysis with
finite elem ent method[J]. Chinese Journal of Rock
Mechanics and Engineering, 2005, 24(13): 2225—2230.
MBI, DR, wmR g, IR RS E I RS A T
). 707, 2003, 24(4): 553—556.

LIU Han-long, FEI Kang, GAO Yu-feng. Time history
analysis method of slope seismic stability[J]. Rock and
Soil Mechanics, 2003, 24(4): 553 —556.

STAVROULA Kontoe, LIDIJA Zdravkovic, DAVID M
Potts. An assessment of time integration schemes for
dynamic geotechnical problems[J]. Computers and
Geotechnics, 2008, 35: 253 —264.

[ KRR U RFERF T BE. DL5073—2000 7K TS )
PURBCTIRIES]. dbat: [ Ly H AR, 2003.
JOSEPH PENZIEN, MAKOTOWATABE. Characteristics
of 3-dimensional earthquake ground motions[J].

Earthquake Engineering and Structural Dynamics,

1975, 3: 365—373.

(RFARAE TREFEMR) 2011 FEITER

CRPIR S TR REFHEWEE, KERXFFEHNZARMEIAT, FERE @SR 5 TR 5 AT
R, R MR S A TR B YR MR AR BRI BRI A
BRI, Bk T TSRS S TR R 4

(RS 5 TR BB E X% . @RS DRI R A TREEAR NG . KL B iA: L B
RN

CEFURA 5 TR AZT, K16 TFA, 128 5. RN 10.00 70 GRHBEF %), 44E3L 40.00 75; MWL
TERAT, WERARS: 52—140, FNHE T HEN KR CGRARIFS TR i, WolE N M T3 !

Mook PR PR NN W8 ZR: 710064
i (029)82334397 E-mail: jzxb@chd.edu.cn



