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Numerical simulation of Rayleigh wave-induced large lateral spreading
deformation in gentle sloping ground using SPH
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Abstract: The sloping ground may suffer from lateral spreading due to earthquake-induced soil softening or liquefaction, and
this deformation is usually relatively limited in the gentle sloping ground. However, several hundred meters of lateral
deformation were observed in gentle sloping ground within 3° during the 2018 Sulawesi Earthquake. This phenomenon can not
be explained through the observations from the existing model tests and numerical computations, where only the shear wave
ground motion is considered. The numerical simulations using the smoothed Particle Hydrodynamics (SPH) method are
conducted to show that Rayleigh wave input plays an important role in lateral spreading in the gentle sloping ground. The
ground soil is simulated through the Herschel Bulkley Papanastasiou (HBP) rheology constitutive model, the Rayleigh wave is
input using the dynamic boundary particles (DBP) boundary condition, and the geographic information system (GIS) is utilized
for 3D spatial modeling. The deformation characteristics of the gentle sloping ground under the Rayleigh wave and shear wave
are computed and compared, revealing the cause of the observed large deformation of Balaroa landslide in 2018 Sulawesi
Earthquake.
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Fig. 1 Propagation styles of shear wave and Rayleigh wave

AP SRR I, ARG A BR T 7 ik A%
AEAE 27 AL A MR AR, - BN RERE R AN ot B
RIS i o2 1 i by e ST T P ] ok
FENIRREEE, ST RS E , A2t
SRS FEIE SR RO M LA o D9 T e _EoR DX s g A
e, V222 2R T AN RIS ok b B £ T
AL R, EEMDGIRE A5 /) 741% (SPHD.
R AT (PFEMD Bl s eiik (MPMD B, ¢
PR ANIL B3 (EFG) 4. b, SPH 4 | %3
B AR 53, HLAT DU M S e B H 3R 1 8 s
BRI T =l T 5 AL BT R AR T I

SPH 5T 1977 & Gingold % B0 Lucy®3 7
MSrIRW, RN R RTMRBUE TR —, T
BT RAEPEE . JARsh e, phiiah iy, Bt
THEAF UK . Maeda S5O AL SPH BIFSE 18 4k
MR, (HEAT B EBNEAT, Vi EEZ R
PR . Bui ZUMRHA] T Drucker-Prager FEAH S YA 45
B, Fe o0 0E T SPH BEAUE AR BV AR TR i
BB &R R B, B NN 2 R E R
HI SPH W5t 1 & £ TR % R AR ][] > 190, 2
THERE IR 20, B SPH FEFP — i A REAL B AL T
ARLT, MR SRR F IS . (HEE%A GPU
IEFFEAT THEHARK AR, ILan4> SPH ©L22 7] Lok

fif T3 9% B eh FE R AR U1, R DU U LR A
FARRARTE ]

Zx FRTR, A T RN 2 i M e KA
TERgszm, AU SPH 34T 1 BUERI. & eNA
T SPH KEUBLTHE T & M J7v2:, B 5 i 487
TH AR R 5 5T 2018 4F 75y 8 7 1 7% Balaroa ¥4
PR =4, THE T RIS S SO RN N 2=
WA TEAFAE, X B b T B RS BT R
IR, 87N T BRI AL S Wi i g KA
B i AR .

1 SPH #{ESHEE
1.1 =552
TEESEAN RS A, hl 7R e S
J7 FERN P-4 7 R s
Alu(x)]=p+V-(pi)=0 , (1)
Blu(x)|=pii=V-c+pg+f - (2
P MRS x ol B o AR
g NEITINEERE; fNRTIRE TR EE
BB ERR, EESR A LR R 7 R R
BT it A AR R o B AT DA P 55 S R A
VI FE L oI A, T BB T 5
ERMTTH IR Q W u(e) KL UR u(x), B
jﬂWk(x)A[uh(x)]dQ:O (k=121 » (3)

jﬂWk(x)B[uh(x)]dQ:O k=127 - (4

P AU 0oy I8 AT DL R 9 — 2 R e 4
ESAERERSE

u'(x)= Zn:Ni(x)ui o (5)

) W, (x) O R EL, (5D N, (x) FR
R, w, NEECAE RN R R . T8I BN E]
MR R IR AL R BUE AR 7y 7%, T LA R
T A BB TH R i MBRBCR FHC 25025 i eR
R HRZIERL R TR HBE AU, 153104
LRI AT L) SPH, BRERE &5 5 x, A4 B &
u, 7 AR A

n N m,
u, 2 u, =ZWU—uJ o (6)
J=1 Py
R wy,=w(x,, x,,h) WIEEEG r=|x, - x,| B x,

5 x, ZIEMEEE s h NIESE MSC AR AR
40T R DU VR 2% B BV DA pR KL

3 4
w(r,h)=211“6h [1—&} (%H) O<r<2h) .
(7)




7

P, S HFRE T 00 KSR SPH $U{E R, 1335

B 6) AR (1) ~ @), BIaE3sH
T2 SPH I
Wy

N
=Y m, (u,—u,)- , 8
pZ( ,)6xl (8)

I o, o,| ow 1
= =+ R, g+ —f - (9
u ;m [,0, ,DJJ ox, 8 p,f )
X, R, AR EEUE AR E RN TR FE 77,
A A N Z R T

R, :i 4m,v, '

= (py+ ), =, [+ 0.014°)

oWy,

[("1 _uJ) 2

J(i‘/ _i‘J) ° (10)

xl

X, v, WIZEHFEEE, HUE E{H 0.05 m?/s.

1.2 AWiRE
MRS S, KRS LK AT A

TS AVREAS Z 0], R A b A IR A 2 A A A T

AR IE B RENS RO AT s L B R . T

AR AR AT N % AT R R AR AR, AR

SCRFH 55 R 4 AR PR AS T R R IR P R R T p

(CLEAENIE) 5RE%E p ZHMKR, REAN

cgpo

oY
— -1 ° 11
B (poj } (1

K py NEFIREWERE, ¢, N p = p, MK
Wk BT T8 RAE A, BB =0.7 .
i B Aok & s 5B ALKE e XK RikH
Herschel-Bulkley-Papanastasiou it 28 2288 (fajic Ay
HBP #81) #EAT RN, B

one T .
s=2ﬂm&ﬂm=(%0]ﬂ+5iﬂ—®m02mﬂ]o(u)

e 7=6t(\/3/2e:e) NI XEIRNARE 1) NHIGA
JERRILFT5 o NISENFEFE s m Fon MELZE, WA
PR R B anE 2 B o o BLKEL, 24 m BOKE (LE
W m =100 1] LA 7, A AR RS 1 E IRk
Rijj, =10, #ESHIA Bingham iif4. Han
SEUTHIE B 7 3 5 A K R 2R R DL Ay o4 it b g B 4 T
T IWIE RIS BRI, H HEE AR E MR AT
1.3 BFREH

120 TS A B AL 3R T 25 DA R a2 S B 30 s~ 1 v Bk
J5£ 1r) i — L DASK AR A& SPH [N FIME i, i 7 iEA
RERLF 1 FESEAFRO, HE Rl SR AR R T
I SRR B ki AP

B IR Fia 524 (Dynamic Boundary Particle
Conditions, DBP) RIIFE T SIS AN TR TR %
Meab I AL, IR IR AR “TA TR 5 R AR A

1.5

/7y

/7y

0 05 10 15 20 25 3.0

2 B8 m 5 n NEEXRBIFN
Fig. 2 Influences of parameters m and » on constitutive relation
KT IIE 3 7 RE 1 FOREF AR FAd B RURL 7~ —FE
Z 515 (AR S B FpIRES 2 il R4 g 1
SR, SR RAERIER ) p M EE p 1AL
EHBUR, MTIFRABCORI T /0, R G A Bk T 5
WLFHE TR AR TEEAEL T i N MR B s
R R, DRl P 8 Jokn 514 5 oA

DBP i1 5 A B 5, RE P Bt B, X
T4 BRI IR ST T LS BB O A BEAOCR, (5
FEAL I 75 ZEE R DA A ) . OIS B G Ar ANRE
BRAS RO, 75 W) 9 L 72— AN 8 NI Bl R B e
AR IR TR @R h AREHT K
R, T FBRAE E N RL T A% BR B PR A RE B 4
FORLT 2, 75 W SCHE PN AS [F)RE - AL B 22 K
S E R TR
1.4 KMBRHETSE

8 SPH KA I 3 J7 RIS, SR AR (12
BT EEE R AR, T H Oy 7 R 5 M i)
THRORSE, SCHECEAR b WANERIURIROR . BRI,
@ SPH YKL T~ (I FEAN BEHNAF AR, Peng 45118
WEW] T FERU IR AR T I L 7[R BE RN T 2 m, 750
A RES BRI R ZE . (Rt EAE ] SPH READL 5L Fr
TR H R R A TR, AR R BT %
H RS R, & ER @ RS E 6.

AL GPU i AR FFAT THE B SR AL B
PR ARHBLT i . 5 CPU AHLL, B4R GPU A&
EAEE AT RARSS, AR A B E RIS,
Rl & PR H R S isir i i fereis |, 5



1336 "+ T OB % M

2023 4F

SPH FRFEA LT A« Crespo 25SHIERH T £ SPH £
RS, GPU IEBARTT DA Rt it SR,
2T LRI 70 265, IR HAERE&IHTIE.

A% DualSPHysics JTU5FE & 4T 8) J1it
H, ZTEHEM T HBP AR DBP A 414,
H32# GPU HATH AT HH R @ LB R =it
BRI GPU HAT RS SLEL, B2 T [FIRf R 8
BtHE B+, it 32 GB &47, FLYE 24 h I sEA
SOV KT 3% E B SPH B JrihH.

2 ImFRERTIRE RS
2.1 1REIgE

N T IR v KA T R, AR
T 3 FrRBIKCFS S AGTH I 1Y T R AR AR
A4, Hd FH DualSPHysics #4730 JIvH5E, XFLLEY
DI SR NN IR AR T E AE — 4ERiR
FEEGEE 10 m EWRETLE, FENERER L
2, KT ASE 100 m, URH AR AR 2° .

K FSp
20
s L R
)
IRAE R
0
Bis
22 20
c e Y]
T 10
IRAE AR
0 50 10(())
x/m

3 IR E M EAY T E NI SPH 158

Fig. 3 Idealized two-layer plane strain SPH ground model
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Table 1 Constitutive parameters of weak and stiff soil
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