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Abstract: Given modification of earthquake motions due to liquefaction-induced soil softening, the effective stress analysis
should be conducted to develop the site-specific design ground motion parameters at liquefiable sites. A loosely coupled
nonlinear effective stress method for the site response analysis is proposed. In this method, the nonlinear hysteresis model for
soils is incorporated with an excess pore water pressure generation model characterized by cyclic shear-volume strain coupling,
which establishes the coupling relationship between the degradation of cyclic stiffness and the generation of excess pore water
pressure associated with earthquake events. The material subroutine in ABAQUS/Explicit platform is developed. The method is
then used to simulate the seismic response of the downhole array non-liquefied and liquefied sites in Japan. The results show a
good consistency between the simulations and the recordings at different depths: (1) The difference between the simulated and
the recorded peak ground accelerations for the non-liquefied site is only 2.6% (weak motion) and 11.8% (moderate motion). (2)
The difference between the simulated and recorded peak accelerations at different depths for the liquefied site is less than 5%.
(3) The simulated and recorded spectral acceleration curves of the non-liquefied and liquefied sites are in good agreement.
Compared with the responses of a downhole array multilayer liquefied site calculated by DEEPSOIL V6.0, those of the
proposed method show a better agreement with the seismic recordings at different depths.

Key words: site response; earthquake; liquefaction; effective stress analysis; nonlinear hysteresis model; excess pore water

pressure generation model
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Fig. 1 Shear stress-strain curves of soils under irregular
loading-unloading-reloading
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Fig. 2 Shear stress-strain curves under irregular loading-

unloading-reloading for effective stress method
W [ 4 SR USSR BT ) - AR AR R AL
AR AT T T ATV A P AL B K R ) 5
Ko BINERR E,, AR & Ae , ALK

W A 196 R TF

Au, =E,

Aey )

PRI AT BB - AR NS B A

Asg Evd

(7a 7 )C3 - CI exp{ CZ (7a 7V )C3 J ’ (9)

R & SELELEL r RERTTRE N

r,=mln(ne  +1) (10)

b Au, BT Ae g 73 73 AN HEZKFIHE AR FE A0 48 =l

A i N AR WA, B — NI 51 L A

NS Cr, G Cir om Rl n N5 PRI GE

NGy, NITREBTRAR, & SO KGR I =

BRI T P N AR ARy, AR TR AE N A

FUE, w2kt Ay, = 0.01% ~0.03% ; XAHE

IKVE B =R, € SON B LUE u, 5HI86H

LRy o, 2 s R TR B, 5 U
HEMY, 5o, 2 .

oyt (100, AIABUEE E ) &TA .

E =100-0),-m-n-exp(-r, /m) o (11)

2 IaMb R Nt ERISEIR

FELR RN T T S LG R TR (VUMAT)
F£T ABAQUS/Explicit /&, AR a7 i Hh 7= S W7 (1)
THEZDR, GRS RS FUE TR, AT BN
SRS BURTIA AT

(1) bR RN HE 217, #id ABAQUS/
Implicit BEHHEATVHE IR B R 135 8 54, K45
WA R T18, FRAENWILE R 713515 N ABAQUS/
Explicit 541,

(2) ML RE I HE VA BN 7 55 B
ABAQUS/Explicit & NRIR N Z 61 5H . H%,
VUMAT FH2FARYE AL N6 RN 3 5t %
KRR (B 2RI 26 M 061 25, VUMAT FREF
$RHL ABAQUS/Explicit 3= F2 /5 Fhit-5 H 4] it v 48 13
&, IPESET AR, FE A B e AR 2 s )
INEIECRAS o ARy SRR AR, FERIWT 2
T 7 S A e, AR S AR T S P e A e, D)
HR i (2] i 2 320 T AR By U Gl H AR
PSR AE A, WK RE AR EREEEERE
R, PR M R IA AR B . ]
. VUMAT S5FLEBHRAT ., B LR Qe dh 42
SRV A A 1 S B T N AR B ) A PR R AR R R S
A5, HEEIUER K. B, SRR KT
BTN AR, RRYE LR KR ELE, SR
Bitg RSB RNAS, B ERMik; £ R n R A
B ez b, SN I S Al RPIRES, I
EHBT ) SR M 2t SR AR B PR B 2 AR e ] UAS
TEE 2R 2R b, ) i [a] 2 2 ik X5 i b AR B 1)
o RN ARBYIBE S, VUMAT FRTFEITES



3 1

FER, 55— AEp R RN AR RN ) o i S IR 505

B2 Ayoy&, JRiRE EREFRE T — IS TR .
TR B ARSI I &l 3 P

——————————————————————

P AL RIAE
[S S g

|
R AR RN EHCQoE |
EHN R D]
TRRERE I th 2R ik |::
BN AR D
AR R s
L — g il
oL ST T S s

3 TR ERR AL EIZ SR B IS FIEFRE
Fig. 3 Subroutine flow of conjunction of the nonlinear hysteresis
model and excess pore water pressure generation model for soils
ABAQUS/Explicit 2 XHAT THER A H0 255
S, AR EEI A ST AR 1P R A, THEAE
AN R B SE RN AL AR . B3 TR A ROy
i =M™ (F(i) _I(i)) , (12)
b, MONSERRERIE, F O EaTm s, 1
NN e, ERR P R E R RS N T
IS RS, ABAQUS/Explicit 115K F (i}
AP Ar— SN T 107,
N T SERTH R, SRR 4 19 m-T- R AZ
76 (CPE4R) #L AR, HITRSZ) 1T mX 1 m,
S I— 0 A ) AE PR 82 g — AR Al (B R AE AN
NSRS N IIBRSE JLF N 0, HSEBRARE. U,
A GINANRARBETE 2, 5 PLERE RN RIAR KPR A4k
(A4 RLBE B RIS BB, A, FTHUN 1.5%~5.0%!" 1%,

3 M BN NS IAWIE

Régnier 2515} HAX K-NET Al KiK-net 35 7Z &5 KX
1) 688 MG uliEiFLUTRHIATIfE, N KiK-net &
FFF & M KSRH10 37 L AR5 2 — 4E7K T 12 S i
Rt ACHT Ré gnier 545 H 11 KSRH10 %5fL
I RE, AT AR AL 37 A 4 P M R S B
J153 0T ZEFLE T EE R LR, AR
PR L ERR BV L, SRS T 225 m
Ab, MR IKAIAL T 2.4 m; KSRHI10 370 i i 3 5 )
K 4 (a), FLIZM G/Gmax — y FIA - y HIZE L 4
(b). JEHL-225 m AbH: T HUFEIC FAE VA S
23, HMRESIMVEAERBIER 1. RFUE Wi
EHTICAIBH JE s 2 e A e, AR T

Régnier 25115 KSRH10 371 s b7 ) il 25

BYUIBEE V. (m-s™)
0 500 1000 1500 2000 2500 3000
T U seitEa
X

1.04 120
g 0.8 116
2 <
206 {12 §
et x
- S
0.4 18
= =
=
R 0.2 -4
0 1 1 1 ey
104 1073 102 107! 100 10?

YN AR IRy, /%
(b) £G/Gpay - YRIA - yill1 2R

[E] 4 KSRH10 73 a0%5 FL B3
Fig. 4 Downhole array profile at KSRH10 site
#& 1 KSRH10 7t it EFmik B EY =B E 2
Table 1 Characteristics of selected earthquake events at KSRH10
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Fig. 5 Comparison between calculated and recorded site responses

under NS components of ground motion records
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Table 2 Parameters of DCZ model and excess pore water pressure generation model by Chen et al
- DCZ ! Chen 5 FLIEARAY

/m A B /1}84 as Ci G (6] Jth m n

Gravel 1 3.0 089  0.46 8.2 0.5 — — — — — —
Gravel 2 6.0 089  0.46 8.7 0.5 1.193 0.134 1.25 0.02% 043 25.34
Gravel 3 9.0 089  0.46 8.7 0.5 1.193 0.134 1.25 0.02% 043 25.34
Gravel 4 16.6 089  0.46 9.7 0.5 1.193 0.134 1.25 0.02% 043 25.34
Gravelly sand 1 23.0 1.04  0.52 9.0 0.5 0.733 0.191 .17 0.02%  0.48 16.58

Alluvial clay 31.0 1.30  0.60 13.6 0.5 — — — — — —
Sand 1 37.0 1.07  0.50 15.6 0.5 0.654  0.214 1.07  0.02%  0.45 15.55
Sand/Gravelly sand 54.0 1.07  0.50 26.5 0.5 0.602 0.216 1.05 0.02%  0.45 15.55

Sand 2 65.0 1.07  0.56 18.6 0.5 — — — — — —

Stiff alluvial clay 83.0 1.30  0.63 22.0 0.5 — — — — — —

Gravelly sand 2 87.0 1.07 0.59 25.0 0.5 — — — — — —

HH T8t = Port Island I T & FEigh & - 23 77
Yt S8, 5% CHR[20~ 221 R BUHE, A
T HH 137 M R S R AR 2R AT SN 3 4 BT iR A G 2
B Seseds, @A AT BUE TR, (TR
5 SEPRoREIC R M) 2 R AT Reth /N, BEitl, RIEZE H
A SCIT AR DCZ A 5 FL R () 2 5=k 2 Fr
o B EE GlGuax — y A — y HIZRZ N 7 FTR.

1.0 125.0
5 0.8 420.0
g
O 0.6 —¢— Gravel 1 _150=\=
E= RN
b= —¥— Gravel 2 N
=® —8— Gravel 3 i)
R 04—+ Gravel 4 1100 g
=R
R 0.2 45.0
0 1 1 1 1 0
1.0y - 50.0
5 0.8 H40.0
E
E 0.6} 1300 &
R " —e— Alluvial clay ’ ?ﬂ
I —v— Stiff alluvial clay =
g 0.4 200 g
=R
® 0.2 10.0
0 0
1.04 -50.0
é 0.8 —40.0
1S —&— Gravelly sand 1 °
O X
2 0.6 —¥— Sand 1 =300 3
1 —#— Sand/Gravelly sand g
% | —* Sand2
= 045 o Gravelly sand 2 200 g
B®
® 0.2 410.0

3
0 h
10 1073

02 100 100 10
BYRLEEY/%

7 Port Island BFEAMEE] G/Gma -y 04 -y BZK
Fig. 7 G/Gmax-y and A-y curves of soils at Port Island site
SRR DO B URE NS 75t i 72 it 26 2
TN S v WL 8. KB I IR PR B Port

Island 37T R T2 RA THABIS, Wwiid. H
4. MIFshEs, HENLR MR TR,
-16, 32, —83 m AL iR s FEVE(E I8 T 0.53g,
2 0 m ALTE IR EVE(E N 0.341g;  Inid & I B
WEE-16, 32, —83 m AR EANZ o AR K AR
BAR, TAE O m AN B i R 1 AT 43 s AR B
B 5 ) R KR T A RS . R el AL 2
Jei s VEAE IR I RN, AR E AT R
AL S5 0T AT 2 R e R R A, T o e U
(ELX AU 2 BE N AURK, i b R R AR AR SR I R R 1
RIRTEI -

041 15
g
02 210
= =
®q 0 £
=
=02 =05
) PA: -0341g 7:5.20s 3
—04L PA: -0.356g 7:5.36 s 0
0.6 15
03F 3
ag Ul =)
< n 1.0
i =
® ° =
= =0.5
B =5
-03r + PA:0S65 T:585s
_o6L ® PA:0.579g T:5.70 s 0
0.6 1.5
9
% 03 310
% 0 il
e iﬂﬁ
R_03 03
e o PA:-0544g T:452s 3
© PA:-0560g T: 4495 HE \
-0.6 0
0.6 001 01 10 100
03 FaRss
o — % | |
% 0 ---- g -83m
— ! I
5-03 o PA:-0.536g T:4.32s o EREENERE
y , , L e R
0 10.0 20.0 30.0 ABAQUS

i El/s
8 1T RAMEHLIAY Port Island 378 & b1 10 A0SR BE A0 A0
RE(5%MEEEL) R ZAIXTEE
Fig. 8 Comparison between recorded and simulated acceleration
time-histories and 5% damped spectral accelerations at

Port Island seismic array site



508 =

+ T B % ik

2021 4E

HEH-83 m &b NS 7SIl 0 S AE i N HLRE
3llo ABAQUS - JZ AR AY 11 525 (1) ek FE 1y A% 515
WK 8 Fizm. 0, —16, —32 m AbAUEAR his & 7
WIN-0.356g, 0.579g, —0.560g, ‘51035 WA Ik fF
-0.341g, 0.565g, —0.544g tHZEIITE S%LAN; THH %
HH 11 8RB A R T 4R 5 AR E SV & B A
B HO BRI T SR A I R, TR SR
U AL okt B IR ZE A AR 0.16, 015, 0.03 s
STECTH R 51000 0, —16, —32 m Ak B ke o i
ek, RIS i A — 3, A
BT A 0.1~1.1 s FIREIC M RE b dh2k; &
HIKT 1.1s 8095, vF BRI B R R h 4 A s T
SRFEIC R MR, T RE A2 BT DCZ #5755 5L 1Y m i A
A AR A RN ) it 5 B R Al 2% 1 45 5 1)
I FE T Gy B m AR M FR B oy, SR ATR Hh
FEBNIIPE I BN N R T

Kl 9 5 ABAQUS 1545 1) Port Island 37074
fE-3, -16, -32 m AL IFLIE L 7 BFFE B 2R . T DA H,
NKZE 0~18 m G NN 5+ JE r=1.0, T2
th, KA 58 6.69, 8.18s, FEHUEITHEIINE
JEE SN (WA IR B I 2 S5 R A, 5 SEBrAE s it
H-32 m b2 = 0.73. X5 Cubrinovski 22!
&R —8, HIEHEN 60%~85%.

1.0 LR
6.69 s 1 8.18s
081073 [
= ": i i -
506 H
= Tl
Hﬂ |,l
= 04 P
e ABAQUS
- — -3m
0.2 ; o l6m
i —— -32m
1 1 1 1 1 ]
0 5.0 10.0 15.0 20.0 25.0 30.0
i /s

9 ABAQUS #&3# Port Island &t FLIE LLAFFE ru
Fig. 9 Time histories of excess pore pressure ratio simulated by

ABAQUS at Port Island seismic array site

5 H—IHtERS TS

K ¥4 DEEPSOIL V6.0P3E47 Port Island - F
G BRI it R s SRR S 1A 208 g A A, BAIE
— R I6 A SR H ()3 b 5B s B LR RN T
Br 7 A R Pt . MKZ 3E 26 M A # # 3 S%
Matasovic ‘B 22t £6 1 MRDF J7FEEE N f7 - NAR
IR, FLEB KA Dobry Hifl, Hrh, MKZ A&
PR A K S EURIE I 7 10 G/Gunax — 7 F1A — y
R AEM AW, Dobry FLHARAIAE A gy i S A 52 5
T o JE R AT HE T H 45 U Port Island I T 6 [
) 1 S 0 B S R CUGRAE IO B IR i i D
5 SPReR B IR IV A B . BARBUEY T3 3.

K 10 #4517 DEEPSOIL V6.0 i1% (%] Port Island
R ERH-3, -16, —32 m AHIFLIEL r, IR
2. WLAEH, E-3, -16 m AR A EES
FEAWAL, WACKRAR TR 2058 7.52, 8.71s, ARILTT
VR A T 237000 6.69, 8.18's, BIEAHY
Wit . MfE+ZE-32 m &M &, DEEPSOIL V6.0
THHELE LA 0.69, AT ETHERIFLE N 0.73,
P AR .

DEEPSOIL V6.0 5] Port Island F T & 37
PRI 5 IS RE K 5% BELJE BU P 1 i 338 8 5 5 7 T SR 1)
STEbE B 11 Fis: 0, —16, —32 m AbAIEAR inik
FE5y515-0.381g, 0.461g F1-0.443g, HoREi0 %M
AR N3 FE-0.341g, 0.565g F1-0.560g AL, 254
#11.7%, 18.4%7%120.9 %. DEEPSOIL V6.0 i+5 )
-16, —32 m ARIRFFEMIZE. 5%FH)E LT g
TR ICSE IV A R R TEELAY 0 m Kb AR RE 2R
5%PBHJE EL (18 s 5 50 FE A0 S W) A FE ARG R 22
SAAE, THERI-16, —32 m Ak A A N (e
AR /N T 9 R SR A T I FEE AR o (LK 3R 135 s P
B, IFEEKTREICRE, 20 BEARBOCIS .

£ 3 Matasovic B42fZ 5 MRDF 52 K Dobry FLIEERIB R

Table 3 Parameters of the Matasovic backbone curve and MRDF formulation and the Dobry’s pore-pressure generation model

Gk ZE Matasovic ‘& 2% i £k MRDF J5 2 Dobry fL 15 5
R /m B s 7/10* P P> Ps no f p F s oy/% v
Gravel 1 3.0 1.350 0.45 10.8 0.980 0.218 2.10 _ = — — — — —
Gravel 2 6.0 1.245 0.45 9.6 0984 0224 235 099 1 80 1330 1.7 0.005 2
Gravel 3 9.0 1.245 0.45 9.6 0984 0224 245 099 1 50 1.705 1.7 0.025 1
Gravel 4 16.6 1.350 0.45 12.8 0984 0224 255 099 1 6.0 0958 1.7 0.005 2
Gravelly sand 1 23.0 1.425 0.53 19.8 0940 0.000 045 099 1 3.0 0.845 1.7 0015 1
Alluvial clay 31.0 1.230 0.66 34.7 1.000 0.360 3.25 _ = — — — — —
Sand 1 37.0 1.275 0.51 30.0 0920 0.000 045 080 1 35 0813 1.7 0015 1
Sand/Gravelly sand 54.0 1.020 0.51 33.8 0.880 0.000 045 070 1 50 0537 1.7 0015 1
Sand 2 65.0 1.185 0.57 29.9 0.808 0.000 0.45 _ = — — — — —
Stiff alluvial clay 83.0 0.900 0.65 34.2 0.998 0.400 2.55 _ = — — — — —
Gravelly sand 2 87.0 1.060 0.60 32.2 0.742  0.000 0.45 — = — — — — —
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P WL SCHR 3179 DEEPSOIL V6.0 18/ T/t .
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Fig. 10 Time histories of excess pore-pressure ratios simulated by

DEEPSOIL V6.0 at Port Island seismic array site
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