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Abstract

In response to the increasing importance of urbanization and rapid population
growth in Taiwan, the significance of improving people’s living standards has become
more prominent. Underground infrastructure, such as utility lines and transportation
tunnels, serves as vital components of public facilities and transportation, playing a
crucial role in ensuring the safety and reliability of operations in both urban and rural
areas. However, Taiwan’s unique geographical location at the junction of the Eurasian
Plate and the Philippine Sea Plate leads to a high probability of frequent seismic activities,
which are often accompanied by earthquake-related disasters like soil liquefaction.
Therefore, it is essential to study soil liquefaction’s impact on underground infrastructure.

This study investigates two cyclic constitutive models for dynamic numerical
analyses in PLAXIS 2D: PM4Sand and UBC3D-PLM. Firstly, the parameter calibration
process of the consolidated undrained Cyclic Direct Simple Shear Test (CDSS) is
simplified using a Python compiler. Based on liquefaction strength curves, parameter
sensitivity analyses and model parameter calibrations are conducted for the two specified
constitutive models. The calibrated results serve as the basis for subsequent analyses.
Secondly, two numerical models are simulated, one without a buried underground
pipeline and the other with a buried underground pipeline. The numerical results are then
compared with the results of shaking table tests. Through these numerical models, the
comparison focuses on the acceleration, excitation of excess pore pressure, and prediction
of pipeline uplift with the shaking table test results.

The conclusions can be drawn in the following. During the parameter fitting for the
consolidated undrained CDSS test, the UBC3D-PLM model fails to achieve a cyclic axial
strain of 3% and shows a fixed oscillation phenomenon, rendering it hard to determine

the number of cycles for the liquefaction strength curve. The PM4Sand model offers good
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simulations in the element tests. This constitutive model in PLAXIS 2D also can generate
a similar trend in acceleration oscillation and pore pressure excitation compared to the
shaking table test results without a pipeline. The PM4sand model outperforms the
UBC3D-PLM model for simulating the liquefaction strength curve and the model without
considering a pipeline. However, compared to shaking table results considering a pipeline,

both constitutive models underestimate pipeline uplift displacement.

Keywords: Soil liquefaction, cyclic constitutive models, parameter calibration,

dynamic numerical simulation, pipeline uplift.
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gl enie & R 1 2 PLAXIS 2D § *UA 4 A 47 508

l}ﬁ‘
¥ EA AT
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A5 B AR R RISE KRB S 3 fE e S RN SRR R o ST RS A
e B ATk E ¥R ¢ R o 4 (Liquefaction resistance curve) i€ (75

EomaB T RGP T ¥ SRS T A Sl Bl B

i
el

AFEE ™ F 'UA R A0 PLAXIS 2D 0 B4R RS SRk ¢ SriRl i ate it
B RRFEPE > VR e IR T i S R R RS S .
AR BEREEH

MEAEL P FREARSE THEEF IR IPMER
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IR pvE
2124 %

AR E-BEFUITRE FLREES RAACRET Y L HIHOK
BAFRF ERIELIBAFTA NRRERE 2 PRSP O
fri 24T o RigFAhp e Gl g RMA X2 X3 B R LT D

- ﬂ}igf\tﬂ%"

2.1.1 2 4841

RS LA PR ok R) T PR AR R D
R ERERITE KT 7 R R Ra e flilife? AR LE T
o FITURR 4 s hE2 oo 4 B g R 0 AREEIVMORBRL T 1 PF (excess
pore water pressure ratio, Ry,) 2 R BBk i o LI T EER 2.1 K iEE

q i g u
e
rd
‘ Qmf— —
Vs
//
L /
(@) P (®) & © k

B2.0. 7 ks fiEaey LA 85 B (a) ok B (b) &
BRF (@) PR B¥F R (Wood, [14] 1990)
?:*??'fq“ﬁ“?i Brpt3HFIIR -FPUTARLFRKBEIERE S
(Seed et al., [1] 1975; Kramer, [13] 1996; Obermeier et al., [2] 1996) :
® 4~ 4ni iv (Initial Liquefaction): 45 2 3EX 3| F R4 8% T - AZgFat ok
B AT stz JoocRRABESRE S FG Y FF LA

T4 %A T REIRRHAGER o EA R VP SRR P 3 A .

mr

® i (Liquefaction) : # i ;‘ ET I HRRPB LT AL F R

(Static liquefaction) # 73k &4 £% T & 4 g it &2 & find 2 (cyclic
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mobility)e * #8078 F 9 &~V IHCRRT R R A F] 2 R RS DR
LA IR e E AR BRA FY T A4 hE BRARSE

A0 &k BinE o X FLF Rt (cyclic liquefaction) e

212 BEF %
BiEF R HHE R (Seedetal, [1]1975; Youd et al., [3] 1984; Poulos

et al, [15] 1985; Kramer, [13] 1996; Obermeier et al., [2] 1996; Seed et al., [16] 2003) »

ANE PR R TR L IR RS

FAIRRMENLE F LRI R DRERFL (3 R)
EARFRFATFL SRR B N BRI IR SHRAL )0
Flob o AR B TR AP R e fok B R B e B2 A & FE

4§ S R iE

2.1.3 BB

IHR T A L BESF R B HE TR AT blheE TR

W

B AR P FE R4 o #5318 (Youdetal, [3] 1984; Obermeier et al., [2] 1996) %13 4

®  RfEE AL I R ERE AR AL L R

LAF] G e RAEARY UHUORR R e o g I T A SRR
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FrEr TERE RS S RBEIIH D E Y o ) f I RRR Y Feeh
23 g #2 &% 4 (Densification) A 3142w s (v % » R GH P TR
Flpt o KA A AR R A B e L Fani g R TR ES T

fo BREIE 0 4o B 2.2 F7oT o

Structure
Bearing Liquefied
Failure .
Soil

I
Y - - _ _._
Liquefiable Soil
Upward Flow
Prior to Liquefaction Liquefaction

B 2.2, B4t 4R LW (Youd etal, [3] 1984)

B F AT REEARHORBRIH G 0 E A L IR S 2
A A I K RA S e i o R EERE R o F R
FRIHORBPAR AR gRB RS A R L R
FARP G A A A A% P B €T 4of] 2.3 4 o

Soil settlements  Sand boils
----------------------------- e MA \T

Satura!red sand .
i) T'T ;T . Pipe upllﬂ '

Buried pipe Swk ,FT frir 4 ? S
N ﬂa“v“Vfap
boomb g Y

\_/ &\ﬂw\/w(“

Saturated sand »>Aa7 fTTT Am e

e O f\ Aweleratlon
[ |”'l .
W‘ Time
)\.XJ\) \.J S

INITIAL CONFIGURATION DURING EARTHQUAKE AFTER EARTHQUAKE

123, ke A2 Y § 40 57 L H (Castiglia et al., [9]2019)
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Al N h BB 0§ A 4 HCORRE B kiR - SR
7 g’}grﬁﬂ-‘i"l%ﬁ'}’}m g

T FINOKRS 6 5 G MMM o d HIHORES EE Sk

$3e7 G okphend Ko R T

Fypd o boep o i Wikl ) K ISR S I % SR AR 2.4 40T o

a
-
A
Stratum H, Nonliquefiable Igyar of
low permeability
y
Stratum H,

Bl 2.4. * 77 X B (Obermeier et al., [2] 1996)

RIF A E RYPR S RR e S I BAE N R KA
FILh Rz it 2Rl 4 TE R AL A IR AR A
B RT3 R EE > 4o 2.5 P9 o

Fine—grained su\rﬁciol ayer
S — o—

/
Initial section

Gomt:lty hcmdng uporv!ion between bloda

Ddorm{d section

B 2.5. ®li#F & B (Obermeier et al., [2] 1996)
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22 1R ERK

BURIZ SRR 5 7 S APM RS GldcH ~F R A A% - H A% Y ¥ LD
FEEZM BRET > LRBErEERREE LA LHE ;ugﬁ,ae;;rs{% % ¥ iR
2 R B aE R o WAIFR AP E AR L R nER o il
FoRT AERERIE R RHRY TOTAH > T T EEHFR A R - IR

PR G DHAeE R~ F R FeEER R EER o

221 & 5 HE%

b G PR L O RCERURH U T A placl BB 2 iR (F

Pis A R E) otk 4 @ii’ﬁ;%%ﬁé@ﬁﬁﬁ*ﬁﬁﬁﬁﬁﬁﬁﬁﬁ

ﬁﬂi%ﬁé°&%@éﬁ%wiéﬁﬁﬁiﬁil’ LR R e g i

BiTE R Hehd B AL

BB R D SRk By R 1 Sl T g e b 48] (Koseki et al,
[4] 1997; Koseki et al., [5] 1998; Castiglia et al., [9] 2019; Chen et al., [11] 2020; Ecemis
etal., [12]2021) - Koseki et al., [4] (1997) i% 8 $H4p $tids che T B4t dujrds 4 o2
B TR 0 Ao B 2.6 YT o AT Y FIREACE A D B FA D ahipe R 07514

o S D AT MR RE B EA F 5 2 Al & R T 4o 2.7 T -
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30.0 I
Model S1 Acrylic box

il
247

152

Dr=62% Toyoura sand

8.8

X1 Xz
r*-*“-———————‘*"'ff:[- ************** il
g = u

(c) Reconsolidation

A Hp=-x; +y +z
,,,,,,,, AH=xa+ Y,
| | E e |

. q_/\ ff{

LZ'Q ) L] , LZJ‘Q

(d) Total uplift and settlement cavity

F27 %225 T 8H<4 7 LM (Kosekietal, [4] 1997)

222 B 8%
BB YL R (T g R T sl Az e T b an 548 4] (Tobita et al.,
[10] 2019; Bransby et al., [6] 2001; Kang et al., [7] 2013; Huang et al., [8] 2014) -

Tobita et al. [10] (2011)i% i 3= #8385 £ 31 £ 34 (manhole) 2 3% it #7351 3R hft
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AXFTR Y P AR A R RATR R B PR F 2R
SRR TR e BT Y YR S AT R A I A iE 2 s HFF 5 TR B
iAo s BB OEFEFER CAAHERRE AT OEFENEATHEEE R
Fya%ip thiet AotgRIARFELE T REMER - RRBAECY RAE
f§ i = Ap R o

Bransby et al. [6] (2001) & * #cie » 47 & 3 38k B & 0> 2 7 2 it g
S BTG o AT 1% 4 TR (SAGE-CRISP) 245 0 75 3 4 I S im Ak ~ 2
BH TR i T ot @red Zadgdd srZ g > 50 ZioilRnd
SN R R AW 0 B M A B S A A Y ) S

f 3 A FCARRR Y BRI EURAS ] o b vt E AT TR R E e
HiFR ST VR

Kang et al. [7] (2013) ¥ 3w 385 Wt & 20g £ 4 37 94 3L (manhole)
RPIAERUAAMBAEE PETRD TR AABADRE S Z B RER%

f’_ 9:}4' Eﬂ"‘ :—L-‘%%\F]’; ) "5 Q}i‘?"iﬁ'rﬁﬁt‘ Hb ]éfk&%F;’ ]’ J(Fi_rﬁ\!?r% i »rvﬁ;

“Fﬂ&

RAE QD ZRPE AT RARgR -
Huang et al. [8] (2014) & B $8385% » AL XL E M AR L BEY F (3

"‘l) mf‘t—,,. ’ﬁgﬂ‘,:uﬁ&’é%b%?ﬁ *ES

)

4o®l 2.8 2B 2.9 477 o 3EAT T

CER D B R R B RER R RN G PR BB RR
PR et FRFER D SR AT F 24 g RiEARY AR
MRA chA 2 € @178 B2 HE g and (B 2.3 7)) iea s

BB e T 3 hd 4 S F R AR TR N FRAL Y 4

F_*

4 T iea FREMBEA DR G o

10
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Bl 2.8. .o 3% & B (Huangetal, [8] 2014)

=k % 3
25¢m 17.5cm | 20cm | S | | |
Rigid 2.5cm 17.5cm /l 20cm |
i . F
conlgainer Potentiometer <Balljoint Iy a; Rigid ;
. [7] container || Potentiometer f . 5.7 joint [
o Connecting rod <Toad cell o ) Connecting ro ]
<Duxseal ™~ oad ce ] < Duxseal Spoke = &7 <Load cell ]
lem Spoke ;: lem 1 SPOKe ;
S « A 2em | ——F 7
q\
o P4,E2 (19)P2 AM | 2em ’/’ T Poel a7+ ?’ §em
b 2y b5, EH2?) ps, E4 dem o PaE3 E6 oL
Py (] P3, E28(1%) E5 [4] [4cm
AR [~ P2, E1™ P5,E4 T
29em Aoa A3a aga = dem| [ A¢" vl [sm
] 1 |sh ]
8em ’ A2a A3 A4 ;
b P1,Alea v i— ; 7] sz
A9 7gm A0 [ Ple a1 A |icm
[ ]
() Shaking direction {—————) Shaking direction

4 Accelerometer
= Earth pressure trans.
® Pore pressure trans.

B) 2.9. 'F‘,' AAvR P B

2.3 3 iR BE R

BRI A1 ﬁi’ﬁ
B Sl PRE 0 BT LA
=R gt

FPREERRF LS R 2

-

A T

d 4R

Hoo Bt g BenjpI iEw 4 2t

1R &

F Bt A L (B I

Sl AR AT ER I EApR DL RGETS

T B ORAFFRanzb AL
FEZopms 2R

;};4 LRE QA \éjkﬁg * \»}g xq;b—ggg \%’P\j;(;b/‘;;fr%fr;l;‘;, 5

4 Accelerometer
= Earth pressure trans.
® Pore pressure trans.

7 % B (Huang et al., [8] 2014)

Rt L T URTERES = e
AL B PRERY S A o Hic
l}‘]],b»% A
-

PR EAY § RS

—_

C el A

o H @
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REEE St % e LA A R3S

'%’é"r—" . £

231 E&EHER

WE KRNI F S he S ERN  E

B AR kR

e 3 A AN

S - ) SR = 0 G ERE
B8 %7 o
>l %é FLTI T

RS B FEMERE L 0 blde i % 8 v (isotropic hardening) -

# 4 5 it (kinematic hardening) ™ %2 % w |25 # 4 A it 2 & (combined isotropic

and kinematic hardening) /e = &

ARG

2311
Dafalias [17] (1986)4% ! - £ &

4R B SR (mappingrule) #-% &

TR B g e p

3o hA ] @Y A B I TR

# %5 ¥ H (Bounding surface plasticity model)

LD B 2

FAABITTRGRES BT E

R B W B W REAE R R R T i B g

e A TR ERARET PR ERE - B

& [?]%"vi\?\i A 4‘3§\. ® - g&i{-ﬁﬁ
F@Z%J=o
f(O’ /'qn) =0

12

SR R G cha k2 R G

FEAB R ENEE 0 Ao T AT e B R

2.1)

(2.2)

[-]

[-]
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Elastic nucleus

Y Bounding surface
FL G}, )0

B 2.10. :# % & 7+ & B (Nieto-Leal and Kaliakin, [18] 2014)

2312 %@ ¥HEHEF (Multi-Surface plasticity model)

Mréz [19](1967) % 5 & 2L » B2 s B oA 58 5 B Ko p
FHRELE (nestedsubspace) o F Ao BRI KA e (M) LS -BRF
LerE A e oo RS Ba e fLiEARY ETE KRG M P B EMrozt # R0 &
#FHITf(mt]) EME KRG ¥ s LG AR aE e o 4oB 2.11 #77 o Flpt > F
PRI B R I SRR ke B R RE R S

4
WipE ' R Ky it sp o2 B (associated flow rule) IR % o

(a) (b)

flm+1)

Active
surface M

Bl 2.11. 54 & -2 B2 : (a) MrozZ #288] 5 (b) % o & i 7= (after
Mroéz, [19] 1967)

13
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23.1.3 R & ¥+ (Generalized plasticity)
Zienkiewicz and Mroz [20] (1984) #% J1 A3 F & 124 & T AL -
B ARAAARZBANFTLEE S EH R S EREFRHE - A3 SRARE &
PEHHAFTE 143 16 B8 ety B4 EanT g 111 12
BHAFE P FFIRAHRALTANG R Y TR SR S BRG H
Flenfe t4 7 & 5 3B+ (Elastic) ~ B & % & (Plasticity generalized) ~ 7 & - #iciE L
(Tangent modulus matrix) ~ 52 # |+ ¥ & %4 (Classical plasticity-bounding model)
kb % e £ A (Viscoplasticity and endochronic models) % o #43% iz fe 47 4 e4e
R R RS B AR B M E T HE R Y B
€ (n) 23%f &5 =% 4cft (loading) ~ #7* (unloading) £ ¢ * f j& (neutral
loading) » 4r5% 2.3 #7177 o o4 BEHE AR 5> A28 24058249 5 clercVen
R 25 Ang s ¥R E S e o Hype REHE > THRL U A8 &4 4
i\.b"ifﬂvi\.oj\ gmiw#\%% I0 5 R ZE o
do:n > 0 (loading)
do:n < 0 (unloading) (2.3)
do:n = 0 (neutral loading)
de = Ct:do (loading)

(2.4)
de = CY:do (unloading)

CL=Ce+in Rn
H, 9"

(2.5)

1

cl =ce +H—ngL®n
U

232 BHRF{ES EalEHERS R Pk

Vlizadeh and Ecemis [21](2022) & {7 - B Jed S 385% » & * pip IR R & 4L
(Sand-granulated rubber mixture » SGR) & {7 Hcie & 7.8 % O %3 o f%—‘g g
"ULE 4% ek FLAC2D » I 22385 Bl £ 5 % 2 7§ o #73 * cH UBCSAND 2 =

14
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PR el i HEHR AL 50 F ok BAETERITE A SUR 1L 0 K chfp A {0 o)
212 3 W 214 #95 o gt #h o (T KB H SGR HAL 1T 5 L R eng g~ iRk
ORI RR AT AT P SR e frir B R P o S8 1

Bl et R AT FE RN - BRFOS T RS T E A

e it s 0 4T A

upiife () = 15.5¢ (“225)" (2)" g0 (4 (2)

f 2.6)

A\ 13 )

+ 3.2t ( )
g
#e

t B 845 § pF R (Shaking duration) [s]

Amax | B = #ri# & (Maximum acceleration) [g]
D | g2 (Pipe diameter) [cm]
H | & ®F& (Pipe burial depth) [cm]

z91 1 A4 SGR Mixture
Settiement plate g Dr = 25-40%

Dense Sand
Dr = 80%

[ARRRANRRRRRRRRRRRERN

Sinusoidal input motion: 36 cycles, 0.35g, 2Hz

PP: Piezometer (3), SA' A 2). ZF P )

25 ILs 18 ! 1
o 5 10 15 20
Time (s)

2,12 a) 458 5385 8 S 8RR =% @5 W > b) FLAC 2D #7317 L W - ¢)

dvid B i Pe B (Vlizadeh and Ecemis, [21] 2022)

15
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Depth 1.05 m

SGR 2.5-5 mm, 10% ~FlAC |

. ) 05 |
@ 0 5 10 15 20 0 5 10 15 20 0 s 10 15 20
Time (s) Time (s) Time (s)
2 1 2
Depth 1.05 m Depth 0.65 m
15 15
1 g
1|
3
n 05
o 0 | [
SGR 2.5-5 mm, 20% -----FLAC SGR 2.5-5mm, 20% .- FLAC
05 | - ) 05 | |
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
2
Depth 0.65 m
o 48
¢
S AAVAMALLLA AL LA AASAAA
a STIATAY ¥
uw 05
LN —pP2 A
SGR 2.5-5 mm, 30% -~ FLAC SGR 2.5-5 mm, 30% === FLAC
0.5 0.5 | .
o 5 10 15 20 o 5 10 15 20 0 5 10 15 20
Time (s) Time (s) Time (s)

B 2.13. 9 & ficit 2 % Rt a) GR=10%, b) GR=20%, ¢) GR=30%

(Vlizadeh and Ecemis, [21] 2022)

30 45 |

—Enp. —Exp.

-— —ne="] — 3 —

E 18 FLAL E

3 £ s E

£ £ £

B 0 [ B

=] =T ] =2
SGR 2.5-2 mm, 10% SGR 1.5-5 mm, 20% SGR 1L5-5 mm, 30%

15 L 15 | -15 i

@ o 5 10 15 20 ] 5 1w 15 20 ] 5 1w 15 Fi

Time (g) Tirme 5] Tirme (5]

)
»
—_—
AN

F oL BES % M0 a) GR=10%, b) GR=20%, ¢) GR=30%

(Vlizadeh and Ecemis, [21] 2022)

Dinesh et al., [22](2022) & * FLAC2D {v PM4Sand & = ZH5% » ¥ 3 A A

T,

AR RRYAIT O HEREP I REBRBRAH R BF L AR 2,15 AT e
PM4Sand #5% 2 3 S 8P| £58 % * Nevada 120 #) 4 hiFTk 2 T 385 & 7 S8
(B 2.16) 30 gy~ = X R4 id RER (B]2.17) & Adalieretal,, [23](1998)
G PERR SR BT c LIRS ES AL ST TR AN S
Class-C {r Class-C1 > 4% 2.1 #777 o SEHHMESH W FR P EEF%EE
PlgsAd- RO RAFRESY CARBICH-RRT FFRIES DARS > 4o@ 219

16
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BroE oo LR E 4 B 4ok (Dense sand column) ~ B 3% iE 3 78 £ (Gravel berm)
FTrE2 R = PRt F g s TR T BHRREF RO LY 3

Dinesh et al., [22] (2022) -

# 2.1. Class-C #7 Class-C1 ¢ R|#-7) % # (Dinesh et al., [22] 2022)

Class-C Class-C1
Model n?  n%  hy n? n? hy
Shake 2 Shake 3
Benchmark 0.5 0.1 0.05 02 04 0.05 0.05

Dense sand coulumn 02 04 0.003 0.2 0.4 0.003 4.0
Gravel berm 02 04 0.05 0.2 0.4 0.85 2.3

Sheet-pile 0.5 0.1 0.05 0.5 01 0.05 2.0

foundationsoil
embankment

45 m

B 2.15. B3 A # 57 2 B (Dinesh et al., [22]2022)

17
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Experiment

a)

Shear stress (kPa)
=
T

Arulmoli et. al (1992)

Simulation

Shear stress (kPa)
e
T

-10 0 10
Shear strain (%)

b)

1 Present study

[]
Shear strain (%)

10

Shear stress (kPa)
=

Arulmnll et. zl (1992)

Shear stress (kPa)
=

30 120 160

Fﬂ‘ vertical stress (kPa)

)

Pmsent study |

=
T

Arulmoli et. al (1992) |

Eff. vertical stress (kPa)

2 @\ /\ /\\ 2 :<_j Simulation
=20 =20 -
—
(1] 40

ﬂﬂ

120 160

Excess pore water pressure (kPa)

Excess pore water pressure (kPa)

-10 0 10
Shear strain (%)

Present study

al., [22] 2022)

¥ 3% 4 % &7 PM4Sand #3457k 2

0

Shear strain (%)

s

I
=2

G

2 —{Shakel
2 -
— T T T
2_Qhakez
—
e
£
= 0
2
§ o
-2 -
>
=
3 — T T T T
2 < Shake3 H
0_
22 - u
— T T —
0 2 4 6 8 10

Time (sec)

10 20

B % 5 ¥t o (Dinesh et

B 2.17. 4ci& B Frp5 B (Dinesh et al., [22] 2022)

18
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2

X-acceleration (m/s )

B 2.19.a) ' M-k B A P* ; b) Class-C (shake 2) #-7|-k &+ & B ; c) Class-C

Input motion (shake 3)

Adalier et al. (1998)

Time (sec)s

a)

B 2.18. 4v:if & fFP= B+ 4 (Dinesh et al., [22] 2022)

Adalier et al. (1998)

class C predictions

class C1 predictions

127 == 1.0
1.0 ) y
0.8 - P7 S 28 P9
0.6 0.6 0.6
0.4 - 0.4 0.4
0.2 02 0.2
0.0 T T 1 00 T 1 00 T T 1
0 10 20 30 0 10 20 30 0 10 20 30
=
i
£
& 10 1.0 1.0
£ 0384 no exp. data 0.8 - 0.8 -
=
§ 0.6 0.6 - 0.6
S 04 P4 04 - 0.4
g 02 0.2 - 0.2
g oo T T 1 00 T 1 00 T T 1
E 0 10 20 30 0 10 20 30 0 10 20 30
1.0 9
1.0 .'M% 1.0
081 038 - 0.8
0.6 | 0.6 no exp. data 0.6
0.4 1 0.4 0.4
0.2 P1 0.2 - 0.2 - P3
0.0 T T 1 00 T 1 00 T T 1
0 10 20 30 0 10 20 30 0 10 20 30

©)

Time (sec)

Class-C (shake2)

Class-C (shake3)

0.00E+00
2.00E-01
4.00E-01
6.00E-01
8.00E-01
1.00E+00

0.00E+00
2.00E-01
4.00E-01
6.00E-01
8.00E-01
1.00E+00

E

(shake 3) -k /& - % B (Dinesh etal., [22] 2022)
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class-C prediction
- T T T T 1 6 1
0 2 4 6 8 10 0 10 class-C1 prediction
Time (sec) \
6 = 6 =
1 a7 1 A9
0 - 0 -
% T ] -6 T 1
0 5 10 0 5 10
|
Y
6 = 6 = 6 =
A4 A5 1 A6
0 - 0 - -
e T 1 6 T 1 bl T 1
0 5 10 0 5 10 0 5
6 - 6 - 6 -
Al A2 A3
0 - [ 0 -
] ¥ T T 1 6 T 1 -6 T T T 1
0 10 0 5 10 0 5



Ziotopoulou [25] (2018) %+ LEAP (Liquefaction Experiments and Analysis Projects)
B B SR R ORI 0 2 B R SR
c5p 4 0 AoR@] 2.20 977 o pt A7 3 @ * FLAC 2D fr PM4Sand & = 105038 7 Hein
BoR > B8 A 5 S HPT L MR 5 R0 A W B R mrsk BB il Y
guEik o dod 2.2 B 2.21 #iw o f%ﬁ oA RS E A EE R ERD
BRI E &84 (B 2.23 #7o1) 0 » 3P FLAC - PM4Sand #7148 * 97 /2 FF 4 5
PIAE B G R T R o

# 2.2.PM4Sand ‘e = RN A A% R R T hddic (Ziotopoulou, [25] 2018)

Case A Case B

(Calibration to LEAP lab  (Calibration to average

data) literature CRR)
Apparent relative
Dro 65% 65%
density
Shear modulus
Gy 240 240
coefticient
Contraction rate
hoyo 0.05 0.2
parameter
Cmax Maximum void ratio 0.81 0.81
emin Minimum void ratio 0.4915 0.4915
Flag used for post-
shaking portion of a
simulation to improve 0 during shaking
PostShake
modeling of post- 1 after shaking
liquefaction
reconsolidation strains.
20
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Left
Middle
5.0 0.5 Awa_ R
AH6 P4 i
™ o ° : =0
AH3, 2.5 .0
4.875 E : - 1.0
1.0 ° J ANy 4.0
: AHZ_ 1.0 P 3.125
1.0 o :
: b A 1.0
P9 Uniform Ottawa Sand " p1 i P10
10.0
20.0
© Pore p di > Accele @ Prescribed for displ
4 b
/ Quadrilateral zone and its
/ two sets of overlaid triangles (abc
// & acd, and abd & dbc)
7
/ v ¢ water pressure applied on top nodes
{ 7 - (updated during the simulation)
k2.
//
- |
horizontal - // // ° fixed pore pressures & -
;I::;ﬂans -y >, 3 - saturation across top
- boundary
- 1o flow ‘; & ° " -\
ol orizontal
both directions = °
directions T ad
A - fixed - no flow
p & ¥ -\
All zones modeled with
PMasand Version 3
x-acceleration applied

on boundary (rigid box)

B 2.20. a) #ro 8% R P E

(Ziotopoulou, [25] 2018)

AW b) e R g

i & Bl

150 T T T T T T T
— - —— cycTX Strain-Controlled Lab (Vasko et al. 2014) (a) ]
é: 100  — cycPSC Strain-Controlled Simulation Case A
~ L \
o h,, =0.05 G, = 240
u 90 [— g
(%]
L
20
S
Y
>
] -50 l
150 T T T T T T T
— L —— cycTX Strain-Controlled Lab (Vasko et al. 2014) (b)
2(“3 100 F cycPSC Strain-Controlled Simulation Case B
R |
o o = 0.2, G, =
s 90
w
£
2 0
]
8 -50 G'yc = 200 kPa, N, = 20—

I

strain am[ialitude +0.15% |

I

-0.1 0
Axial strain €4 ( % )

0.1

B 2.21. PM4Sand 7 -k i %+°4] PSC 2 % 2 &

Opc = 200kpa) %= Pk FIAIF % 2 P Hdpe 20

Case A =

;

0.2

# F65 Sand (Dg = 65% >

s

,kF'

CE R

(b) Case B & =

T_%¥c o (Ziotopoulou, [25] 2018)
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0-4 L) L) L) L) L) LA L)  J L) L) LI B A
PM4Sand cycDSS
Stress-Controlled Simulations
N3 Dy =65%, c',, = 100 kPa
T:) 0.3 |- O Case A
o>
9 e
2
O
~
l_)
1]
N—
c
(%)
O Vasko et al. (2015)—
Dr =65%
o A L AL A Ll A L A 'l A A Ll L
1 10 100

Number of uniform cycles
Bl 2.22. Case A {r Case B #7PM4Sand 7 #-k 5% E T :#5% ##t (Dg = 65% -
ope = 100KkPa) » A5 % JETR M4 1+ (CSR) T 3] 3%E t5 % = p %475 ks

% 22 (Vasko, [24] 2015 and Carraro et al., [26] 2003) # 4 % DSS iF i e 5% 75 %

7

W

= #hilcdy vt # (Ziotopoulou, [25] 2018) ©

200 F T T T T ]

RPI Experiment & Class A Predictions: Excess Pore Pressures RPI Class A Prediction Right Case Al
40 T T T T T T T T T E
__ 3 [ —— Recorded . < 100F ~ Heave
§ s L Case A i 3 Right Case B
3o Case B AAALAA J % 5 ’ Middle Case A
0 e —— ATV ' 9§ PP4 € s
L L L L A L L L g
40 T T T T T T T T T ° Settlement
g
< 30 . ':;
g of e ] @
t;; 10 | T Jv V J AA'S T «
P S B, | PP3
L L L \ L L ' L
40 T T T T T T T T T -
I . T — § >CasesA
§ ol ’ J SV VV R — =
= 4 k )
s r = 1 & e
& ] i
9 PP2 | 13 [>cases B
1 1 I 1 1 1 1 1 i o
“ T T T &
30 |- v - ‘:’
= © Downslope
g wp 5
< I}
3 w0} g - E
0 e PP1
| | { { 1 1 1 1 Upslope
0 4 8 12 16 20 0 4 8 12 16 20
Time (s) Time (s)

F 2.23.a) Case A fr Case B 22385 KB % % #+* o b) Case A fr Case B -k T i

#fed-E =4 L o (Ziotopoulou, [25] 2018)

Demir and Ozener [27] (2019) @ * 4 *T < # 4 PLAXIS 2D = UBC3D-PLM
EAERGUEF AT R Y B s (High modulus) FL@ it e 7 o M3
TAEREBIREAL BT T R R BHINE I EER ST 2 BT

22
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BRAG 5T B BRI R R B ER R A e TS B Al

ARHRET IR SENT L LB ATV RERRRE T R% 0 ok 23 2 F 224

d é_’ E_g{IE' “*‘ﬂl] vk &-3-_%4— 1}» “}s ‘_’f]i’p‘_lk}_ ’ f%’%‘i}'ﬁe} Tan et al. [28]
(2008) #% 4= ok 4 g 3 o T G B b gh ik 0 4o 2.25 4T

= 2% & % Method-1 = Method-2 & &= j# » 1) Method-1 % #4AE% & BK 3

N

37
ZARAP R RS AR AEEREY G Hfrd DERDRrRA
% FEE_;2) Mehod-2 BI 2.4 J§ = ffr= @iE T G fF A Al o X2 f Rl
Fomg et fipk L & 25T 6 BREILEE = 29 i ? ko RIT 6

A@%inﬂl v ’]‘l;l%ﬁ‘ y o F ;\]‘?‘J_;Eﬁ .

2
d, = (d;)s i (2.8)
H9
d, | 4% & (Width of the column-wall) [m]
d, | 1/Z (Column diameter) [m]
s 14 B IE (Column spacing) [m]

A

F_L

Bl 2.26 & AR S BCE BB S R IR > B Y AirboERY
PR AL T el AR KRR R 2 BT P F AT B 40s B
SRR ATE Lo g B Ui Y e UBC3D-PLM #7372 38 (7 B4 A 7o
BERES TR R B AL LA o fen XL R Y g R

Eﬁky[@_% y 4 ;—,'%7*;‘- mﬁquky ]"Tr-\/‘)»’ﬁ /g\%—gpm);?/% R _;_“_,.%]227 SR o

# 2.3. UBC3D-PLM & = # % % (Demir and Ozener, [27] 2019)

Description of Method or Nevada Monterey Monterey
Reference
parameters formulation sand sand sand
Dy Relative - Rayamajhi et 40 60 90
23
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Description of Method or Nevada Monterey Monterey
Reference
parameters formulation sand sand sand
Density (%) al. (2015)
Idriss and
Corrected SPT
Ny 60 46 X (Dg) 2 Boulanger 7.36 16.57 37.26
blow counts
(2008)
Constant
volume CD triaxial or
Dev - 33 33 33
friction angle DSS
(0)
Peak
Py friction angle @cy + Nigo/5 - 34.47 36.31 40.26
(0)
Elastic shear
21.7 x 20
K¢ modulus Makra (2013) 843.6 1105.2 1447.8
X (Nyg) 3%
number
Elastic bulk
K§ modulus 0.7 X K¢ Makra (2013) 590.5 773.63 1013.5
number
Plastic shear
Kg modulus Curve fitting - 180 1050 3500
number
Elastic bulk
me default Makra (2013) 0.5 0.5 0.5
modulus index
Elastic shear
n, default Makra (2013) 0.5 0.5 0.5
modulus index
Plastic shear
n, default Makra (2013) 0.4 0.4 0.4
modulus index
1.1
R¢ Failure ratio Makra (2013) 0.815 0.722 0.639
X (Nygo) 7018
Atmospheric
P, Standard value - 100 100 100
pressure
o Tension cut-of default - 0 0 0
Densifi cation
fachar Curve fitting - 1.0 1.0 1.0
factor
Post
facpose  liquefaction Curve fitting - 0.2 0.2 0.2
factor
24
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200 Shear stress 200
= 100 _ leor
2% £ 120F
2 < gof
o © Arulmoli ez al., (1992) S - v}
B ! L Arulmoli ef al., (1992)

-100H o Arulmoli er al., (1992) I .
N —Tl?it stud_v[ Excess PP. 40 A == This study

=, 1 " 1 L 1

200O 3 6 9 12 15 00 100 200 300

Shear strain, y (%) p' (kPa)
(a) DSS test results, ¢’ = 80 kPa
= ~ 10
& & I
by = Br
LN : °f
" 1 i L " 1 i = 1 1 1
4 =105 20 20 60 g0 @10~ -
Vertical effective stress, o’ (kPa) Shear strain, y (%)
9 —~ 90
= < - ot =
23
: a; b
& 45 & a5k
?) 30 Arulmoli et al., (1992) é 30 _'_
5 15 = This study A 15F
0 i i 1 N 1 N 1 i 1 i O A 1 i 1 i i i 1 i
0 1 2 3 4 5 6 6 -4 2 0 2 4 6

Number of cycles Shear strain, y (%)
(b) CDSS test results, o’ = 80 kPa

B 2.24. Nevadasand ¥ ~ § % #clE % i ta) 2 935% 1 b) A% T #%

(Demir and Ozener, [27] 2019)

Equivalent properties

E =EA+E(1-A)

¢, =c(l-4)

¢,= arctan (4 tang _+ (1-A )tang )
E,c_and ¢_properties of the soil material

E ¢ and ¢_properties of the column material

oy |
/" 3%6 group column

(a)

B12.25 42 48205 ©a) = 23] % @ §  b) Method-1 % = 3] ;5 o)

Method-2 % »z= %3] (Demir and Ozener, 2019)P7!
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100F Rayamajhi o al,(2015) P3d | Rayamajhiot al (2015) P37 Rayamajhi ot al,(2015) P3 ]
I—‘I’hls Study I : This Study - This Study -
50L7',=44 kPa e WL | WO o L
s L —— L = - C —— —]
- 3 3
‘f, 0 - 1 1 1 1 1 1 | 1 1 1 1 1 e g 1 1 1 1 1 1 1
g 100f Pd | P,
Z [o'=64kPa T b em—
£ S0F - e e ]
) L
_,a 0 { I 'y 1 1 1 1
§ 1000’ =78 kPa 5 .
< e ‘o5 = T " TP YNss T e e
5 : i ]
50F 7 ]
L Model 1 P4 Model 2 Model 2 P41
0' L G B R T { Y | 1 U A Y VR T MRS
0 20 60 80 0 20 40 60 80 0 20 40 60 80
Time (s) Time (s) Time (s)
(a) (b) (c)
B 2.26. Bt g e B2 s T KRS S 0L Bt a) 322 4 3 b) Method-1

Depth (m)

Depth (m)

3 ; ¢) Method-2 iz 2 4 3 (Demir and Ozener, [27] 2019)

SR K, 7,
== G r 0.196 fF‘l.O
E . ! ; Mlonlerely sanJ : e
i D,=60% !
[ | This study This study  Bagz (1995)
7 - Nevadasand |
- Rayamajhi D, =40%
- etal. (2014) Rayamajhi \:
- Baez (1995) et al. (2014) '
. AR Raaa (f Monterey sand
§ i Model 2 D =90%
10 | P L ! N (N T it | ey o & FEL 4
0 2 4 6 80 2 4 6 0 006 012018 024 1.00
- @
N~ K ”
=X~ G /r 0196 , A.0
1 Nlontere':y sam!l: N
: D, = 60%
- -.5 - e A LS e e o o - - —: —— -
i Rayamajhi NThis study
% yamajhi 1S study Baez (1995
= etal (2014) Nevada sand : e
I This study D, =40%
3 Rayamajhi \:
L '3 Baez (1995) etal. (2014)
[l I am M -orﬁer-ey-sz;n('i‘ e
- Model 2 - D =90%
I R (R ORI S W R/ TG A =3 O
6 0 2 4 6 0 006 0.12 0.18 0.24 1.00
(b)

2 4 3 5 ¢) Method-2 7z 2 4 3 (Demir and Ozener, [27] 2019)
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=% Fzi3i
Fg\l;u—/%;z"%_@:‘ K" %@)Lg%&ﬁné1 B ,'}r}«ﬁ»i_)z;fé-’éjg.}k {Emg@ =g

v O AAR G

&

Dldct b s B AR B E R R A0 o o

- EAREHEEFRE AR AR RFEPTREIEES LA FREL S
Fl

BT EE T

»%
&
>
—_
N
N
el
.
1 )
\sm
\w

R e Rk R AR R AR
FEH FHISHE GRS ERG AR U F S a0 & B
3
® LS okd RN AL F U R A R B R R R 2
Pt b L2 A gk Bk B RR oA k) 3T chiE 5 e
Fls o 30 G742 Bom 2 | EAR LS

AT HRIE S P3R4 [31](2022) 22 B FF [32] (2023)2 JR b5 5 S
BRI Y 283 MR 5 306 5L =& F) (No. 306 Silica sand) » % 3 »xdE 3t 4
Wk RPEn(E 5 0 %0 *TA 4 % 0 PLAXIS 2D ¥ ¥ 24 7 4 b 05k i b (7
T ehle & B R0 PM4Sand o UBC3D-PLM £ e ) W & — 5 7| 3 p H ~ 5% (40!
BHRETFHREFLZ %) EHPESERFTRY - a5 FRRF{ 2
BRI 2 SECRATEREI P RREFEFF L FEI TG FREAERER

25 R FSUERERAR Y - BFH AT RFL L AT Sl R

flE gt > 0 U F 2o PLAXIS2D & &g f7 o
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3 HE AR LT

7% 2 ¥ % (Cyclic direct simple shear test » f§ #- CDSS #5%) 2.3 34 &¢

[

#"# - ﬁpf“%?r—&jz s O Qq\’# x5 J'f“‘l% @1%\;,‘5;\.—: ,:'—ﬁg.’u,,f:,% ,_@;,lzr;i:
Bods il e 2R R B 2 R A - T 4 o X - AR
TREIERVEPRG S o RHRERY LEEEF I T A FE RS

P AT R SRR S R PR R T R fert i 7 -

PLAXIS 2D ##8 ¢ 3 p 22 8 ~ @5 425% (Soil test) &+ * 2387 4 3 S8
TRFE o d 3t AFT Y AT # 2 PM4Sand e s 2408 & PLAXIS W B PR 4

B o @2 % 4F Soiltest T 5B T RO L = PhE B L = SR DT o Flt o A
B3 AI* Soil test p ZA2A ¥ AR E T 3% (CDSS 3#8%) FA S8y 22 % -
AL EHERLH I PR D SEST LA FERSE 0 VR Y B R
306 5L BRI []%JH‘ Fydoend PR 5 4000 R 2 (Ottawa sand) 5 ¢
BEFFH AERPIFITEE S 22 & LEAP (Liquefaction Experiments and
Analysis Projects) = & (¥ 5 2B FihfEEEE K@ * o

R4 [311(2022) FT 5 ¢ 44306 B F EH R L7 5 E A AP iRk 0 B
vk R E R AR § (ASTM) feie (i > N TR APy 2 AP
B £ S 2650 B e %A 5 1.633g/emd s 2 AL SP Gt A
® o JE#Dgy = 0.195 >~ Dgy = 0.18~ D3y = 0.175~ D, = 0.1555~C,, = 1.258~C, =
1.013 -

Hungetal. [33](2018) <%= % 5 LEAP eh— R4 > figsdt 4 P &7 A =t dw
WH AR ] AR RS Bk o B Y o TR BB kR
* (2 L 7 & # ) (Fine quartz sand No. 306) - iF * L #) 3 g F] 5 22 Ottawa
F6S 72 23 HAp o> Bt & (Gs) & 2 3 4 5 (Unified Soil Classification System)
A% 26540 SPo s A i Bl 0 4o Bl 3.1 #7or o d 3T L 306 5L FE & A F) CDSS #F

S Bl 0w B * 424 B Ottawa F65 #) 2. CDSS &% #icdh it 5 (4 4 # %
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o T2 Py e

100 %

80 T 111 T
£ 60
—
o
E
o =#=Ottawa sand
H P, I I I o | -#=NO 306 quartz sand
&

20 11— — —

0

1 01 001 0.001

Particle diameter (mm)

] 3.1. Ottawa F65 4= No.306 % % #) 4 ek js < -] ~ % (Hung etal., [33]2018)

Morales et al. [34] (2021) #} Ottawa F50 &2 F65 #) 2 i A chm £ K 55 2 T 3
Se¥cpie FEE - 2 2 e 70 £ (Specific gravity, Gs) ~ & ] 34
(Minimum void ratio, emin) ~ # = 3* [4+* (Maximum void ratio, emax) ~ F # ! e 4>
JE o B A 301 B 3.2 AT o M % A% UC Davis (University of

California, Davis) ¢ Soil interactions F % % 2. GEOTAC ® ¥ :#5% & ik 77 1o

PR % 20 e iy o B3t DesigSafe thE AR P o

# 3.1. Ottawa F50 4= F65 %) 1 et 3E4F 14 (Morales et al., [34] 2021)

Materials Gy €min @max Sources
Ottawa F50 2.65 0.48 0.78 Kramer and Basu (2014)
Ottawa F65 2.65 0.48 0.72 Vasko (2015)
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100

—8— Oitowa F50
- —¥— Ottawa F50 (U5 Silica)
i:, ) o —@— Qitawa FE5 s
EJ; —§— Ottawa FE5 [US Silica)
o e~ Ottawa FGS5 (Parra Bastidas)
= B ]
~ &0
£
&
=
% 40 .
o
IS
1F]
E 20 .
o
o i i i i
1 0.1 0.01

Farticle Diameter, (mm)

] 3.2. Ottawa F50 4= F65 %) + e js ~ - &~ % (Morales et al., [34] 2021)

Rk AEFTT SR 0 FHEE KRR Bt E G otk ? (0p) K
TN 5 985kPac L F TR RE KT H G nif T T Y AP RRE TR

£ RS S L S0% 2R R R RA (D) o ARG

&

3 &+ v (cyclic stress ratio, CSR) T end 34 > & BiEBk i & Hicfrd & 58
B4 329 o L3209 EH g% (single amplitude shear strain) 7 1%
fr 3% TR ikt AP ITHHPH R AR 45% T 59%E g% (single
amplitude shear strain, ysa) & 3% 1% 2 #7F b P TR (Neye) 6 Wi v o
AU 0 Ae@] 3.3 7m0 Flt o AR F R Ottawa FO5S #) tedp ¥ % B 45%% 59%:h

Fu i B 5 S R £ B
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# 3.2.Ottawa F65 A3k E 9" ¥ 5% 5% % (Morales et al., [34] 2021)

P Dr Opo Neye for - Ny for
Material Test name CSR
(kg/m3) (%) (kPa) YSAZI% YSA=3%
Ottawa F65 170711_DSS BM1 1649.2 47.2 0.15 98.5 3.2 52

Ottawa F65 170717_DSSc_BM4 1644.2 45.1 0.10 102.5 24.7 2077
Ottawa F65 170720_DSSc_BM6 1633.4 40.7 0.08 98.5 59.7 62.7
Ottawa F65 170727 _DSSc_KZ8 1693.6 64.7 0.10 98.5 21.2 26.2

Ottawa F65 170728 DSSc_ BM9 1669.9 55.4 0.15 98.7 32 5.2
Ottawa F65 170731 DSSc BM11 1688.9 62.9 0.10 98.6 17.2 21.2
Ottawa F65  170802_DSSc BM13 1673.7 57 0.17 98.6 1.7 4.2
Ottawa F65 170808 _DSSc BM16 1667.9 54.7 0.20 98.4 0.2 2.2
Ottawa F65  170809_DSSc BM17 1675.4 57.6 0.125 98.5 9.2 13.3
0.25 — —_— 0.25
Ottawa F65 Sand | Ottawa F65 Sand
(Average D, = 45%) (Average D, = 59%)
r 021 4 o 02F -
3 %
'g 1 g 0.15F .
52 0.151 - & .
12} a 4
% 011 . 5‘ 01 \\" 7
-
9 0.05k 1 Soost =
o — ......1.0 T T % 10 10
Number of cycles to achieve vs, = 3% Number of cycles to achieve ys, = 3%

W 3.3. ) Dpaverage = 45% #it i* & 5] 5 b) D average = 59% #uife I w &

] (Morales et al., [34] 2021)

3.2 PLAXIS 2D it

PLAXIS 2D # A+t 4 AR Z 3 2 chd e 74 EE A 1750 - v it 94
1757 5 2 AR AE L h1 AR BCE RO 0 ¢ IR R A g8 R g o R4
F58 0 UE IR E T4 3 G hl 4L o PLAXIS2D 1 B $EEE 320 T 0LEHE 7
oo g s e B S B g (Blede fE C BRBE PR LS4TR) S E
e ENER L o Akl

Bk B e i 477 > PLAXIS 2D i 53 e # et K frit e T e 8
FEA AT o fitle A7 PR R EH I B e s BEGS bldeE 2
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Kimadr0l 2 B B 5 %

olj—f’

L I‘i—@»’ﬁ'* #%lri%ﬁ_}\%ﬂfl;€| & Fi\‘“\ﬁmlmlﬁﬁ
R FR AR RERT EFRL R
PLAXIS 2D s 2 p o4 et il » ¥ 7 VR *

¥ g AR
ﬁig ‘Jﬁrg /”\Jf'?mﬁ:}i ﬁ)\fﬁ@ﬁl——&,}i T 550 0 A ;aj;,«;, Ny ﬂfr.;;brﬁ }‘}E‘E
FrAi R L RS B R BT 5 hg I PLAXIS 5 EgRg (s

£ E ST Y
Froh o R L fRAIARF A B O R R L Emh s e AL TR Y h
A % PLAXIS 2D V22.2 -

KRS FER- T =

48R - BEE gy

FLARE > B E DI LA ERF AR e fiixitT™ hg
SAPBRT 5 o 5 LB H BRI RS BT 5 037 5 e S B ARB R N R
FERAG AR E I AR T F Ao I M E L BRSNS A SRR
o SEES A NN kp it 2 M4 B REH T2 Tk B o
CRIRECT S a E R S RN L ER S S N S R
EERE
BIER

foo Flpt o hiE e & EHNpF (Beaty and Perlea, [35]2011) %5

® AN RREE T AT MR SET &
T B2 el i~ B4 4p iR 12 (Stress-level dependency) ~ 3¢ 4
B4 A G frREHRCREE o
® Dok erI@ih Ao
® A PEERE A

BRI P PR RS RN et RS E
o ik BB R RSy PRl E Rk T L) i Bt e
R R ERT 0 AR 6
AT & T 5 o

RTINS R A TR
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® LRZIRTEREHRONRTOBERE N FHO TR pE

O BB LNE AT RN E A SR

P U HRAIEIRAIEETL B ER LG T RBARFTD
A ERN S S FEIVHRA A A R ok (VST G 0 F] A8 7 i % PM4Sand
% UBC3D-PLM = » REFHEEBRE T ERNEF BELP T AL R IR
v TS 2 R T SRS

PM4Sand fr UBC3D-PLM #7341 2 54 13 (4 3.3 %77 ) 4 15 (% 34 %77) 2

BelcE (¢ 7A&Jr &k $d) c B HAY B PRI EDEELE BB

o

Bt (o) " EREEE (pp) T il (6) frfiiitg (K) 27 h A

(Pev) Frip vt (v) #30iEns BHA A B3R L5 33°8 0.3 - R e 2 b

B0 ¥ 0058 T O N2 PM4Sand 0 Gy fr UBC3D-PLM 2. %-#c k§ &7 k¢ :
E

K = 30-0) (3.1
=K % (3.2)
49
K | %84 ## (Bulk modulus) [MPa]
E | # = ##c (Young’s modulus) [MPa]
G | ¥ *7 #ic#c (Shear modulus) [MPa]
v | p >t (Poisson’s ratio) [-]

Richart et al. [36] (1970) # #3E{ fficioss = /258 (3.3) foi (34) » 4 B

ot () fot 397 st (p) > ¥ 4 Bl WA W doT S

(297 —e) ? -
Ges = Geso W VP ' Patm (3.3)
(297 —e)? :
Key = Kevo W VP " Patm (3.4)
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Goso | ¥ *7 8% #c (Bulk modulus constant) [kPa]
K,yo | 84 ic8ic ¥ #ic (Bulk modulus constant) [kPa]
e | 3V M (Void ratio) [-]

p' | £33 >tk 4 (Mean effective stress) [kPa]
Patm | = # & # (Atmospheric pressure) [kPa]

ElGhoraiby et al. [37] (2020) %+~ &#) Ottawa sand F65 i& {7 H ~ rif =3 ﬁ\

EAAMRGFEELFATEFH  RERRFIHI AR FRARCRER

i

-

3
)
=

CER e APy Y 0 BB E BT 4 E5% {r Bender element test ¥ TR~ EFF)

G BB B (Geso) B F 4 kiE (V) > A 85 1933 0 1592 m/s > i 5 &

Salgado et al. [38] (2000) #£ 33 224 [ 7 4 /] R R frid 4 B R o

o

otz £6520% (E2) F#RP PE: ZRFHEE- )]
FRERGF - AT HRNE AL ERE BEEL (33°) &7 P T AR & B

.Ii_j ;;}@4 T ApiE mj m‘ﬁf’} ;_55; fi'\ P T

@p = @iy + 3{Dr[Q — In(pf)] — R} (3.5)
He
Dp | #¥H % & (Relative density) [-]
Q *R | ¥ 5%t & 44 (Bulk modulus constant) [-]
pr | B PF T 355 sxfik 4 (Mean effective stress at failure) [kPa]
Qo | TR B4 (Critical state friction angle) [°]

R o AT TR R LR P KRS EEWL BRI L 359w 0 &
B OQrR &7 Zok 7 £ E 5 9.0 049 - F]pt > *F7 7 #-4F Salgado et al.[38]
(2000) # 7 3 fwfsf T B 17 o= fhed B 2 17 B 100 kPa chdfhae fF o g

PR ARH R AT RURT 5 stk B s 2 A2 kel 3.4 Y 0
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% By v % Salgado et al. [38] (2000) -

% 3.3. PM4Sand %%

Dp ip ¥t % & (Relative density) [-]
Go 7 {#c % @ik (Shear modulus coefficient) [-]
hyo e ¥ & 44 (Contraction rate parameter) [-]
Da <~ % &4 (Atmospheric pressure) [kPa]
Emax B * 3L 4t (Maximum void ratio) [-]
emin B 3L vy (Minimum void ratio) [-]
nb # R & %#c (Bounding surface parameter) [-]
n? .9k 5 %-#c (Dilatancy surface parameter) [-]
Pev Tt B¥= & (Critical state friction angle) [°]
v ;p ¥+t (Poison’s ratio) [-]
Q 7 4 %% (Critical state line) [-]
R 7R 4 28 (Critical state line) [-]
PostShake | & # 47/ %% (Post shake switch) [-]

# 3.4. UBC3D-PLM %-#c#

ky® B4 §8 ## Bo#icF1+  (Elastic bulk modulus factor) [-]
ke B4 5 2 i #icF]+  (Elastic shear modulus factor) [-]
kP | #2% *> 4k (Plastic shear modulus factor) [-]

me S48 f i 4 4P % 4 B (Rate of stress-dependency of elastic | [-]

bulk modulus)

ne S+ 9 47 Bk 4 4p ik 4p i (Rate of stress-dependency of elastic | [-]

shear modulus)

35
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np L A% s 4 Ap 2 4p B (Rate of stress-dependency of plastic | [-]
shear modulus)

Dref %+ B+ (Reference pressure) [kPa]
0., | TR BE¥ 4 (Constant volume friction angle) [°]
®p M @ By 4 (Peak friction angle) [°]

c # % 4 (Cohesion) [kPa]

oy F# 58 & (Tension cut-off and tensile strength) [kPa]
Ry | B3 ¥ (Failure ratio) [-]
(N1) o | B & 25 » 2% & (Corrected SPT value) [-]
faens | &% it F]+ (Densification factor) [-]
fepost | 5% & 47 F1+  (Post-liquefaction factor) [-]

435 BEE A ik 5 R 0¥ E £ 8 O f R (Salgado et al., [38] 2000)

Trendline with

Silt Best Fit Number
R=0.5
(%) of tests
0 R R-squared 0 R-squared
9.0 0.49 0.93 9.0 0.93 17
5 9.0 -0.50 0.98 11.0 0.92 13
10 8.3 -0.69 0.97 10.6 0.87 12
15(Dg > 38%) 11.4 1.29 0.97 10.3 0.96 10
15(Dg < 38%) 7.9 0.04 0.86 9.6 0.82
15(Dg > 59%) 10 0.85 0.95 9.5 0.95
15(Dg < 59%) 7.3 0.08 0.82 8.7 0.79
36
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200

A TestData (a'3 = 100 kPa)

Linear equation

195

190 | y = 0.57x + 150.22
RZ2=088

185

p, (kPa)

175

1701

165 1 1 il i il 1 1 1 il
0 10 20 30 40 50 60 70 80 90 100
0
Dy, (%)

Bl 3.4. 100 kPa FIR ™ 7 AR 4% R & ER T 397 s 54 M %

3.3.1 PM4Sand

Vilhar and Bringkgreve [39] (2018) # ! PM4Sand i3] 27 12 = 7 b {5 F) 2

-

B LA TE R VBRI R e IR T A S o AL

Boulanger and Ziotopoulou [40] (2017) #1 B % <7 PM4Sand model version 3.1
PLAXIS2D #c#8 ¢ 7 3k o v & 1345 Dafalias and Manzari [41] (2004) #7#& ) ek 3¢
Fip 4 e 4 vt F2 4] (stress-ratio controlled) ~ &% & i 4p B 1+ (critical state
compatible) frif & & H 4 HA] ik ML T AT K R3] o PM4Sand Ho5 2 S 8k
T AA Mg A6 n Ak St & Sl { e 0 B edy o2 SN2 R

Vilhar and Bringkgreve [39] (2018) -

D, s R R SRV R ORGSR F R
Go T ol TR () B R) ¥
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hpo &%&ﬁﬁﬁ$%$£$%ﬁﬁiﬁﬁﬁ
Pa FRT AT S RERER T

PM4Sand -3 el e & i d ST 2 s i 0 Ao AT

\’PA

He s
Go | ¥ ¥ ¥ (Shear modulus coefficient) [-]
pa | = # &4 (Atmospheric pressure) [kPa]
p' | T3 24 (Mean effective stress) [kPa]

B (33) B (3.6) fris o TAEN BT) -

(2.97 — e) 2
T te (3.7)

Go = Geso
B T ® S
€max *Cmin | B C Bl ARV R R L BEE
S Sl RTS8 A A R S ]
PSS T R S TR R S B
[ Bgsd L dlieh ok ol
v AP RS R E B

O~R PR TETRA R ER

3.3.2 UBC3D-PLM

1945 PLAXIS [42] (2022) 4 % » UBC3D-PLM #3) £~ 83 »cfis 4 8% 40
A A A HCR A RN T BORR) 2 ol R 2 i it 15 5 o ¥ ELd Pueblaetal. [45]
(1997) 4= Beaty and Byrne [46] (1988) =74 & 11 % ¢n UBCSAND (University of

British Columbia Sand) A # _} 4v 11 i ehie & 2458 o K457 UBCSAND # -

38
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Zoa] s g 5 g #3234 {e > Duncan-Chang 073 enfE o AL 0] > H

A ER S T T R g B RAPME o v s ¢

A5 Mohr-Coulomb "% PR & {e4p & cr2b B 55 %7 |+ 5 fic - UBC3D-PLM $i3¢ 2

z2- Bz

P2 ki

B SR 40T o HdEieds e 2 2 5 £ B PLAXIS [42] (2022) -

C_ IR g (g
kge ‘kze .
IEBREED RPN 28
me *ne *np
ke RS e LILQES X 2yt
faens T ERBE LS >
prost F R ES RITRZ 28

Pey * @y | ¥ Mohr-Coulomb £k 3% 3 | 4p B 4-#c

UBC3D-PLM #4] cisfifd & i d S8BT 22 ety 3 > 4o ™ 9757 ¢

* p
K = kBepref ( ) me
pref

p, ne
G = kzepref< )
pref

St
Ar

kif | {248 4% -8 F1+ (Elastic bulk modulus factor)

ke | 38129 *» @i ¥+ (Elastic shear modulus factor)

me | A BB R #;] #c (Rate of stress-dependency of elastic
bulk modulus)

ne |SEMET 7 HHR A R #;] #c (Rate of stress-dependency of elastic

shear modulus)

p' | T3 27+ (Mean effective stress)

39
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(3.8)

(3.9)

[-]

[-]

[kPa]



Drer | %% B&* (Reference pressure) [kPa]

#N (3.4) B (38) et (33) &% (3.9) ik T AN (3.9) fost

(3.10) -
(2.97 —¢) 2
e g L0707 3.9
kB ev0 (1+e) ( )
(2.97 —¢) 2
e = R ————— 3.10
kG GESO (1+e) ( )
40
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Fri w3e:
AR ERALT P B R SRS LR AR L A A
* Python B :F B &k p # i 34| 2SR B BIFEOER » AL2BNRARATY 7
B R & Sl A B PR T R R AR T SRS o RlE

BoAlP A uHEERE T AR BRSO EREAFER L ERERP .

4.1 3K T

AFAF @ e RN S PM4Sand #2 UBC3D-PLM @ 2t 73] & F 13 4
15 i 2 3 Sodic > & SBE T AR R A T 9 CDSS 8% R 6 Ui it W s
EEHRE e A7 EHIUR T RITL I RRE TG R FIEI BRI EE
WK R AT R SRR e e Tt E PR M 0 AT L S ST Renp

o Hfup A% 4 (trendline) 2 N8 SCSR=a NP a5 EHEF

¥

CDSS i#zhkens Bt &35 B R ¥ F 4 PM4Sand §- B4 g3 BFRT 2 g%

v

PiFhehs Al AR > A PLAXIS ¥ ik kR AR TR m iR B )

=
Ji

hidE 5 2 = > PLAXIS 23 R L :E# CDSS ##5% e 77 28 & -

4.1.1 RBATR R AT

eR A EREGY e P3F 5 RS B R g Sl T AR T SR
2w FRAEFAE RS MR R Y FRE LI ENFES N L 4] ok
4.2 # &g+ PM4Sand ¥ UBC3D-PLM #3457 B P13 i~ 4o S e 5 38 H3 7
Pk CDSS 3% » ¥ % & CSR 5 0.18+0.15400.10 & 7 I 8% I BF » $Hpdn
e it 58 R W 4R B)-PM4Sand #55¢ % B B A 15 4c Bl 4.1 3 B 4.6 “71 0@ UBC3D-

PLM 5% S8 & A 17408 4.7 2 B 4.15 -
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B PM4Sand

# 4.1. PM4Sand T & B BI3EA" 4 5B

D, Go Rpo P4 €max €min np N Qe v 0 R PostShake

(%] [ -] [kPa]  [] I ) A Y A A B 1 B [-]

45 566 0.2 100 0.72 0.48 0.5 0.1 33 0.3 10 1.5 0
0.19 : : : :
G, = 566
018 \ I
~ 017} e G =616
m ................ G. =641
N o6t
Q. ---- G, =666
L2 015}
©
w 014}
@
|-
+= 013 \
O
g o2y \\\
)
011}
\\
01 B \\@ i
0.09 1 1 ! ! 1
0 5 10 15 20 25 30

Number of cycles (N)
Bl 4.1. GoazRt B PlEFUR Y o SR
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o

-

D
T

o

-

w
T

Cyclic stress ratio (CSR)

o

-

—_
T

o
2
T

0.09 1 1 1 1 1 1 1 it
0 5 10 15 20 25 30 35 40 45

Number of cycles (N)
Bl 4.2, hpo TR B RIFEFUR Y SE

o

-

w
T

Cyclic stress ratio (CSR)

o

-

-
T

o
o
T

0'09 ) 1 ] 1 1
0 5 10 15 20 25 30

Number of cycles (N)
B 4.3. ny AT B RlEFUR Y RE
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o
-
D

Cyclic stress ratio (CSR)
S8 3

o
2

0.09

0.14

Cyclic stress ratio (CSR)

o
o

0.09

---=-ny =0.15
mmemems Ny =0.2 |

-———- nd=0.3

nd=0.1

n, =0.25

10 15 20 25 30
Number of cycles (N)

Bl 4.4, ngaeRe R PIESUR A SRE

35 40

T

—aQ=10
---- Q=995
mememem Q= 0.9

5 10 15 20

Number of cycles (N)
Bl 4.5. QFTR B PIFEFUR L b SUE
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o
-
D

Cyclic stress ratio (CSR)

o
2

0.09

10 15 20 25
Number of cycles (N)

Bl 4.6. RATR R RIFFFUR 14 o SR
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30 35
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B UBC3D-PLM

% 4.2. UBC3D-PLM AT & P3¢ 47 40 5 %

Kg KGe Kg y2 Me Ne np Qe @p R/ ﬁens ﬁ’OSt (N1)60 c Ot

-] 1 [] [kPa] [-] [ [[] [T [ -] 1 [ [-] [kPa] [kPa]

632 903 319 100 05 05 04 33 339 079 1 03 9 0 0

o

Y

[&)]
T

Cyclic stress ratio (CSR
°© o o
5 o =

o

-

s
T

o
2N
T

0.09 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Number of cycles (N)

Bl 4.7. KgaztRe R RlEFUR U 0 B
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K =903
018 G i
- - -~ K =928
a? 017 r "\‘\ scese o e K((E; =053 7l
n -
O 016 F 0 M S MM M S MM i | Kg_973 il
~— -
O s ---- K% =1003| |
©
wn 014 | T
@
|
% 0131 1
O
S 0121 1
>
O o1} 1
01F 1
009 ¥ 1 1 1 1
0 4 6 8 10 12 14
Number of cycles (N)
Bl 4.8. KEATR: R BIEFUR I o 42
0.19 T T T T T
KP. =319
018 G i
-=-= KB=334
E 017 1 sasmT KPG=369 i
w -
O 016 F A hhas L h L KPG_394 il
N T p =
L o015} Ke=419] ]
©
wn 014 | T
@
|
% 0131 1
O
S 0121 1
>
O o1} 1
Of it e g G T g
009 ¥ 1 1 1 1
0 10 15 20 25 30 35

Number of cycles (N)
Bl 4.9. KEacps B PR 4 o R
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0.19 T T T T T T

m =0.5
l= . ( e A
018 (? A - === m, =045
W
—~ 017 ‘.‘:\ ‘\ =P m.= 04 |4
= L wem =035
U) iy “:\ A e ! |
O 0.16 Q“\\ \ o LR
== ‘t_\\ \\ e
L o015} ) l
©
n 014+ i
3
| =
+ 013} i
Q
5 012F |
>
O o1} |
01+t i
009 . L L 1 Il 1
0 2 4 6 8 10 12 14
Number of cycles (N)
Bl 4.10. mesTR B PR IR Y d B
0.19 T T T T I T
n =05
e
F q —---n_ =045
e AT rmemen =04 |
2 “ L\ A e A R e ) Pee— n =035
N o6t L\ i
Q- L3 B——F
L o015} l
©
n 014+ i
3
| =
+ 013} i
Q
5 012F |
>
O o1} |
01+t i
009 . L L 1 Il 1
0 2 4 6 8 10 12 14

Number of cycles (N)
Bl 4.11. nest B pEfLR & 5NE
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n =04
p
amwmm =035
p
e o (I o ix ] Ll
p
wee N =0.25
P _

o

-

D
T

-===n =02
p

o

-

w
T

Cyclic stress ratio (CSR)

o

-

—_
T

011

0.09 ! : ;
0 5 10 15 20

Number of cycles (N)
B 4.12. npaT R B plEFUR 4 SE

o

-

D
T

o

-

w
T

Cyclic stress ratio (CSR)

o

-

—_
T

o
2
T

0.09 1 1L 1 1 1 1
0 2 4 6 8 10 12 14

Number of cycles (N)
Bl 4.13. faens® TR R BIFEFUR L & SUE

49
doi:10.6342/NTU202302266



0.19

7 017

Cyclic stress ratio (CSR
© © o o o
5 » = o o

o

-

-
T

1 1 1 1 Il

o
Ea
o

2 4 6 8 10
Number of cycles (N)

12 14

B 4.14. fopose OB A Rl FLR 1 o SR

o

-

D
T

Cyclic stress ratio (CSR)

o
2
T

~--R=0.69 | -

R,=0.79
- R;=0.74

- R=0.59

0.09

5 10 15 20
Number of cycles (N)

Bl 4.15. Reatp R RIFRFLR - 0 SR

50

25

doi:10.6342/NTU202302266



412 PBF %

B AR B TR R 2 T S

[ ST

AR Sl e

BN ehA r F1F o Bde PM4Sand 0hy,22 UBC3D-PLM K. & 57 7 #-i5 iF

HARRrE Ly FREFE T RPFEALT R 64T > 08 A o iR

BEELS Sl AETHHEFI RREIRT EHR

w2 X
B TR

S I

¥ A4 & > PM4Sand &2 UBC3D-PLM #i58 #7334 2. Sodic 4ok 43 2 4 44 #1757,

FEXARM S Bev g2 5o HARE R A 45%2

BB e R FR s A

RIFELEZ Stk A B AR 454 462 B 418 DR 59% 27 7 F

A ERGURR T R R MR E 2 Sk o A

4584 46RFRRE 4 T RIPHTR Z 45%Ds F mEX

SHEAlz e Sl

B PM4Sand = = & 4 #c

%t & (Dg, Relative density)

P 7 {-#c % 8 (G, Shear modulus coefficient)
g 5 F %% (hyo, Contraction rate parameter)
< § B4 (py, Atmospheric pressure)

B x IV (emax» Maximum void ratio)

B IV (emin, Minimum void ratio)

# % % %# (n?, Bounding surface parameter)
Wik 5 % #ic (n?, Dilatancy surface parameter)
fefh B¥ i (@, Critical state friction angle)
;p >t (v, Poison’s ratio)

T 40 48 (O, Critical state line)

fi=R 8 %8 (R, Critical state line)

51
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Z 5537 % ¥ (PostShake, Post shake switch)

# 4.3.PM4Sand &= = S8 7

Parameters Dy Gy hpo Pa €max €min
(297 —e)?  Curve
Method [(] 1933+ ——M— . 100 0.72 0.48
(1+e) fitting
Reference  [-] [36] [37] [-] [-] [34] [34]
PostS
Parameters n? n¢ Pcv [% 0 R
hake
Method 0.5 0.1 33 0.3 10 1.5 0
Reference [40] [40] [33] [-] [40] [40] [40]

B UBC3D-PLM & = 48

S F 2 B F]+ (K¢, Elastic shear modulus factor)

B8 A Bolic F1 5 (K§, Elastic bulk modulus factor)

# 4§ 2 8k (KZ, Plastic shear modulus factor)

SRR R Y R :}Fl #c (m,, Rate of stress-dependency of elastic bulk modulus)

ST ol 4 R ip ¥ (n,, Rate of stress-dependency of elastic shear modulus)

\\\ﬁr H]\‘»

% &+ (P, Reference pressure)
e ¥t (@q, Constant volume friction angle)
% B B¥ 4 (@p, Peak friction angle)
ZEF 4 (c, Cohesion)
" 5% & (o, Tension cut-off and tensile strength)
B 5 (Ry, Failure ratio)

i AT O~ R% B (Nypgo, Corrected SPT value)

B3t F1F  (fyens, Densification factor)

5% & 4T F F1F  (fepost> Post-liquefaction factor)

52

;% 7 Wl 4 %98 4p B (n,, Rate of stress-dependency of plastic shear modulus)
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# 4.4, UBC3D-PLM == &% 2 %4k

Parameters K¢ Kg K(’;’ me
(297 —e) ? 2(1+v) Curve
Method 1933 ———— e e 0.5
(1+e) ¢ 3(1-2v) fitting
Reference [36] [37] -] -] [29]
Parameters N, ny B, Pev
Method 0.5 0.4 100 33
Reference [29] [29] [-] [33]
Parameters Pp Y Ot Ry
Curve
Method Pp = Ply + 3{Dr[9 — In(p})] — 0.49} 0 0 )
fitting
Reference [38] [-] [-] [-]
Parameters N1 60 fdens fepost
2
Method DL 0 0.3
152
Reference [47] [30] [-]

KA Pt B 25 03 0 & UBC3D-PLM & 058 ehdk 2 S i fne

3 ILHCHEE CDSS ¥ R, % 5P X3t 095 w HigR A% & 23 5 X 3t 3%5uR

Biptrt 5 03 FHgR BT 82 £ D] 3% -

Ft o AT AP HEL 030 Fli oL ABpaht S 030 GE
UBC3D-PLM #:73] & 72 E 3| 5 t5 B 3% » B2 %7R, * * 0.95 P> 3 % & X%
MEGEERBERE S 3% IR R EY MBI ALY cHA T
WHBRETOFEF TR TR AL 2 Sk
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20 15 10
— @) — 10 —_ @
g 0 g g s
< < .5 £,
w0 w0 12}
w0 wn w0
2 0 20 2 o0
17 17 ®
o ki e
] S -5 ©
g -10 g Jﬂ:J -5
@« 9 10 A
-20 -15 -10
1 08 06 04 02 0 -1 08 -06 -04 -02 0 02 0 02 04 06 08
Shear strain (%) Shear strain (%) Shear strain (%)
Ru = 0.95 Ru = 0.95 Ru = 0.95
1 4 i 1 e L | 1
0.8 0.8 0.8
0.6 0.6 0.6
= = =]
14 o o
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
0 5 10 15 0 10 20 30 40 50 0 20 40 60 80
Number of cycles Number of cycles Number of cycles

B 4.16. jpt>t 5 0.3 T CDSS % % :a) CSR=0.15; b) CSR=0.10 ; ¢) CSR=0.08

20

—v»=03

15

10

Shear stress (kPa)

5
10
-15
-20 ¥ 0
-2 -1.5 -1 0.5 0 0.5 0 5 10 15
Shear strain (%) Number of cycles

B 4.17.CSR=0.1572 Fip+>+t:a) B4 B%¥E . b) R,
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B AHERAE 45%)

4. 4.5. PM4Sand (D, = 45%) #t & Fuike i° o 3R S8k

D, Go Rpo P4 €max €min np ni Qe v (0] R PostShake
[%] [-] (-] [kPa] (-] (-] [-] [-] [ Y ) I Y A [-]
45 667 0.17 100 0.72 0.48 0.5 0.1 33 0.3 10 1.5 0
4. 4.6. UBC3D-PLM (D, = 45%) #=454% & Fii it 55 B o R Sk
Kg K¢ Kg b4 Me  Ne np  Qcy Pp Ry faens oot (N1)so c Ot
(-] -] [1 [kPa] [1 [1 [] [ [°] 1 [[1 [} [-] [kPa] [kPa]
1445 667 766 100 05 05 04 33 3672 0.8 1 0.3 9 0 0
0.16
Experiment (A,.SA > 3%)
015 @ 3 - - - - UBC3D-PLM (R, >0.95) | |
I PM4Sand (v, > 3%)
= \
B o3t
0
w012}
7
® 011+
47
[&]
5 041
>
O
0.09
0.08 |
0.07 1 1 1 1 Il 1
0 10 20 30 40 50 60 70

Number of cycles (N)

Bl 4.18. D, = 45%Fui% it & S¥E 2 B

55

doi:10.6342/NTU202302266



B AHERE (59%)

# 4.7.PM4Sand (D, = 59%) #t & Fuik i % R & R $ 8

D: Go hpO pa Cmax Cmin np ng Py v Q R PostShake

(1 [ [[]  [kPa]  [] e I et O e A o I & N [-]

59 700  0.04 100 0.72 048 05 0.1 33 03 10 15 0

% 4.8. UBC3D-PLM (D, = 59%) #i & ¥z i 55 B o 4 % ¥

K§ K¢ Kg pa me Ne Np @y Pp Rt fuens fpost (Nideo C O¢

-1 1 [ [kPa] [-] [ (1 [ 1 [ 1 [1 [-1 [kPa] [kPa]

1518 700 735 100 0.5 05 04 33 3824 0.8 1 0.3 15.47 0 0
0.22
Experiment (A,.SA > 3%)
02k o - -~ - UBC3D-PLM (R >0.95) | |
‘\" o e PM4Sand (v, > 3%)
= L
0 0.18
Q
Re)
*@ 0.16
1)
@
5 014
7}
Q
2
8 012 -
01r
0.08 1 1 1 1 Il 1
0 5 10 15 20 25 30 35

Number of cycles (N)

B 4.19. D, = 59% ik it & 54E L B
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42 HAR T

AP AT ATOR A S EERE T ARG EAE T ShlE A 1T e
BAPF T EROEERAY > G EF PR SRR AR A
AR BB AT AT RS A - Lo AR IV B E R Bt BB (R
FW B 20 B WA A F AP ARERF TEREFARE T EA
R R SR REANEF A 0 A udeR] 4202 &2 B 4.21a 7T o

o342 [31](2022) 12 B [32] (2023) tHATF ¢ 1 Tai [48] (1989) #f

gl TSR IE T RS Sent R F]S (L) AR 0B oo fo e [31] (2022)
BiRE cFHR WAL RG VS F AL - BE RS A RRZ
B @ BT OOBRII R SIRFHIRGEFL 0B RF]F Aok 49977 0 E e

CRHAHCR] 4202 fTF o 3 RE [32] (2023) BRSO R HOL R RARC
EANZ - o g BRBIRERCHERELOBE H R TS 4ok 410 7 o

R A 4o B 4.20b #7om o

# 49, BEXE T EAIRE L L SR R TS (Tai, [48] 1989; Meymand, [49] 1998)
Parameter Scaling factors Scaling factors in this study
(Prototype/Model)

Density of soil (p) Ap 1.0

Density of structure  (pg) Ay 100.0

Length (L) A 100.0

Time (t) (A1,) 05 10

Frequency (f) (A4,) 705 0.1

Strain (€) Ae 1.0

Stress (o) Ay 100.0
Displacement (u) Adg 100.0
Acceleration (i) 1.0 1.0
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20m

. -

No. 306 Silica Sand

20 cm

e >e b

Table

60.5 cm

@ Accelerometer A Piezometer

b) sk <

<R R

B 4.20. &AL B T H AP

\\\Xr

#c? B 7]+ (Iai, [48] 1989; Meymand, [49] 1998)

Scaling factors in this

Parameter Scaling factors study
(Prototype/Model)
Density of soil (p) Ap 1.0
Density of structure (ps) Ay 8.0
Length (L) A 8.0
Time (t) (A1,) 05 2.828
Frequency (f) (A4,) 705 0.354
Strain (&) Ag 1.0
Stress (o) Ay 8.0
Displacement (u) Al 8.0
Acceleration (i) 1.0 1.0
58

doi:10.6342/NTU202302266



2.4m
[]
D.&Q
®

=

oc

=
wr'o

a) HE A RHE

6 cm
15 cm : A”I}’E’m’l 6 cm
H (Cemmcmmscmstiaec
D) e
i °®
: A
—e
No. 306 Silica Sand 10 cm
[}
| Table
60.5 cm

@ Accelerometer £ Piezometer

b) s aHC ¢ AT

Bl 4.21. F 32+ T F SEA

421 REEF T FARHE

Tapee [31](2022) g Y ER AR B A G A5% FRE RS 0 BT RER
TR SRR R RS RS B AR E G AR Y e R BV HOR RS
BARE > DA R T - IR B RRR AT R R ERRP E R AR
MU E T OERBCERA] Y M R e
4211 %4 (Mesh)

fr PLAXIS 2D ehie 4 & £ A= 677 6 &84 15 §@Lend &0 ki % ¥
AYTHR R REEAE 1R P nd B o T R Sl E A A R AT (4

B) 4R AHE 3 R 12 BB 4B (4B 0 heF 422 9957 -
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nodes stress points
a. 15-node triangle

nodes stress points

b. 6-node triangle

Bl 422, %8 <<%

G4 de d] A E S 1 PLAXIS 2D 4 2 % f B (U A BT 0 BT B
RS EH - w5 ek (Very coarse) ~ fefE (Coarse) ~ ¥ % (Medium) ~ ‘w3
(Fine) friximik (Veryfine)o 7 Ir el m R A E s € 2 k> Hiwi
ARBRFEE RS gA% S o FP T RIGER Y FARRCA S L F R i e Rk

o RAELPERY RRRITLEEA Y 2 A

4212 [ERk (Damping)
PR Ry it 4 A A dR e 8 T TR enfR o B IR SR Y K Sehdk tp fodR
B8 5 G R RIES T B o Tl AT AR A K RS

Fend IR B BB T 2SR EL C A

[C] = a[M] + B[K] (4.1)
He
M | F24EL (Mass matrix) [-]
58 & 4B (Stiffness matrix) [-]
a,B | T 4% ¥ (Rayleigh damping coefficient) [-]

g AH ffﬁﬁ'{? é’}@’% fﬁﬁﬁjﬁ (fl’fffz) ’fr’ﬁl ’};}_JI_EI_E, L (El’f‘?fz) j\ﬁ;&, _/1;"_ 5 .;};F,‘_-_%
(fifefy) a8 > 4o drF
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V. | % 4 i (Shear wave velocity)

H | #& (Layer thickness)

feq | A4 % (Fundamental frequency)

4.2)

(4.3)

Laera and Brinkgreve [50] (2015) = 3 ¥ ené foé &k 45 4p e e P R £

oo Y - B B 0.5%~2%PF o Subasietal. [51](2021) #ETF P 4 307 B

EFE RO s A E] G 0% ~ 1% ~ 2% 3% 17 A 45 0 BLIBIR, 22 i 14 51 42 i [R HEIR

B it B8 4ol 4.23 o o BB 423 R ER N pARREL O (§) FA 12

m NI RS LR BB TR R BB ERCL - TR AF g

B EE PR L 2%IFE S B TFAY -

0.0

.0 0.2 04 06 08 1.0 0.0

S4 (m)

0.04 006 008 0.10

4.0}

6.0

8.0

10.0

Depth (m)

12.0

14.0

16.0

18.0

20.0

(a)

B 423, BRI (& 5 &) EIRR B

(b)

() F“F R4 1Ry ¢ (b) mlak

(Subasi et al., [51] 2021)
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4213 # R # ¥ (Boundary conditions)
B A5 %52 (Deformation boundary conditions)
BAFETY LB RIEAEI R DEFRE A PHRAER IR ERK
R B AT oA
® T :pdiER (Free)- » #E 3 B {FHT» LFHFHEEH o
® i ! kT4 % (Horizontally fixed)- %X * wiEi7H=z» @ kT3 %
2 s

® 3N x4 F (Fullyfixed)- & X Y3 w2 7HT B E2Eds 3 #

ks
o

LI S

Ef'v“’

i i# & 15 % (Dynamic boundary conditions)

PRERFEEEREREE AR (Dl FUER) AR EFTRET &
RAEXIERF WP RRERE > AERBHLER AL LR o T4 [31]
(2022) £ 3 T & [32](2023) 4 SR AR AR E CHETL 54> 2ok
R R OTHGR 2 2 E BRI g Y B RS Beninl o 4R o RSB ALY
B BRI RELF € R E S QB € X FIA R Bt P R
Fohd A A RSB BT f 0 B S 0 s RIECE RS BT B

_‘k o

SR RER L -

‘M

® F3: & (None)- iR Rixit v ¢ 2% HBFEHF 5N > d WTEINE
BodoRe FIR TG A -

® Rl pd Hi (Freefield)- v P * e E R (FAA ) - &
BoRk i R b F St A R (R B4

® &% A M AH (Compliant base) - T ¥ iF * 4] &% (ymin) - i
By R R 2 e PR TR AIRE R b F oo

Vilhar and Bringkgreve [39] (2018) £ PLAXIS 2D [44] (2022) sk > i

pdFBEERF BT R R R R e g S A f R B2 RS B P

e FP > E R AFITA I FER B RE - BR-KFF (drained zone) o @& *
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ZEMH A FE R PR AT do B 4.24 900R o 0t b G liciE 0] AR
WE- K22 s Rd T Bikarik o Bt AP TR TR

H R s R o Aol 4.25 0 o

YA Drained material

L@’/ o/ /@&

Bl 424, #P-LHRRFXE AL LA Rlenp d 3K (Vilhar and Bringkgreve, [39]

2018)
Free
1 None
B .
El e
> DO = |§
33 NIERE
HE =2
iL £
= = e § =
Compliant Base o
Fully Fixed
I i R I 9 i T
g] 4.25. :&IE' -‘—“‘:mlé EL p}: = (% "[/f[—. : T = i gj
4214 FFEK Z_ (Stage construction)
\f} *> PLAXIS ;}% li’— ? —\_L & z@—ﬂl] (aﬁ ,H—_ ~ @ %frﬁg ﬁ\‘é _‘:j’f_) s *Q%’# 4 _:/% f}l] "'T'%?

SREAR T ER  F T A R REI T B Ot Bl e Flt s AT T B
Sk RAATRER B EIERHE T g SUHEA] AR T A
B 445 FF B (Initial phase)

245 PLAXIS (2023) i % > UBC3D-PLM £ PM4Sand 7] # 7% & A shficge#s

Dt

EIEE T e da g 0 TR H s A BRGNS E R A e PR B e 4

T

3

ot
SNe
Zgr

63
doi:10.6342/NTU202302266



Flp o A AT Y e debE BOE # Mohr-coulomb e s 4G 0 &L P @ F K2t
SR REFTRERI A R o B EERY 2 PR e B AR S
(line displacement) 2 4v:if & 45 o
B [ E 2 (Phase 2)

BFFE 2 ¢ o GBCERCA RIEY R iR fir“ﬁyﬁiﬂ?‘ﬂ B BFEHA A
¥5 o AEBIFEY o AR % B ik (Dynamic) 355 #54] 0 M HCER Ak BB
AL R T KR g i A2
4215 4oit B

AFTRREFEATFEAAR Y O REFTR > GRRELF RS CF R

ERUEES FRERY = S AT P S S S S R LAl
(2022) -

B g >4 (Prescribed displacement)

~

B~ TR A A e it REPS it f A PLAXIS ¥ # 3 ¥ = 5 mfem/s?e

T o %ﬁ%“cﬁf;ﬁ TEgo PE R A M RO ETH g o d 2RI
B3 Raktrs s 2% 3 B A#H (Compliantbase) e ik it P W4 mi Bk s
B4 o F1Pt A # Ak #ic (Dynamic multiplers) ¥ % 4p & ¢03E % :7?%@?] » - X
FO0S5me AEIBRE T FRFA "T@J etk BRFPF G ZEE ARG 2 0 4e )

426 #+7 o

04 T T T T T T

0.2} -

Acc. (g)
o

_0.4 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Time (s)

B 4.26. B* T EREEF T F MBCE A2 4eid R R
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B 432 pFRF 4 #ic (Time step)
AR AT FRHPFELEOFRFELR Wi REA AR B EE Y &
ol B A T RaE AL o Fpt o & i (Dynamic) {r# i/ % (Dynamic with

Consolidation) epFf £ & et 8 5 @

5t = —— (4.4)
m-n
H#e
At | B fi b L eF P 7 (Duration of the dynamic loading) [s]
m | B = ¥ #ic (Max steps) [-]
n | + ¥ #ic (number of substeps) []

BB BT S R B 117 Kocaeli # REPFISEE 540 1
CEEPERFAAERET 3 BRASER FAE AN B ER BTN EER L K
7€.200 ~ 400 4 1000 (F # =1 £ H T ) ¥ L F I3 b i@ B F B E 40T

& 4.27 ~ ® 4.28 {- @& 4.29 #171 -
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Time step analysis

0.15 T T T

Acc. (g)

015k Kocaeli erthquake
' —-——— Max step = 200

_0.2 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 35 4 4.5 5

Time (s)

a) x> v irik B

0.06 T T

Time step analysis [1(s) to 2(s)]

0.04

0.02

-0.02

Acc. (9)

-0.04

006} Kocaeli erthquake
-——- Max step = 200

_0.08 1 1 | 1 1 1 1 1 1
1 1.1 12 1.3 1.4 1.5 1.6 17 1.8 1.9 2

Time (s)

b) 1#2 24eix > g B

B 427 B <pRHE =200 FFREHE =0.025s
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Acc. (9)

015k Kocaeli erthquake
' —-——— Max step = 400

_0.2 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 35 4 4.5 5

Time (s)

a)x & B teid B

6B Time step analysis [1(s) to 2(s)]

0.04

0.02

-0.02

-0.04

006} Kocaeli erthquake
———- Max step = 400

_0.08 1 1 | 1 1 1 1 1 1
1 1.1 12 1.3 1.4 1.5 1.6 17 1.8 1.9 2

Time (s)

b)I# T 24)ehx * »ieid B

B 428 xR & =400 PFRH L =0.0125s
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Time step analysis

Acc. (g)

015 Kocaeli erthquake
"7 | |-~~~ Max step = 1000

_02 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 35 4 4.5 5

Time (s)

Q)X = v ik B

6B Time step analysis [1(s) to 2(s)]

0.04

0.02

-0.02

Acc. (9)

-0.04

2006 - Kocaeli erthquake
—-——- Max step = 1000

_0.08 1 1 | 1 1 1 1 1 1
1 1.1 12 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

Time (s)

b)l?f/,}_ 27f/mx ?ﬂ:x?)ﬁ

B 4.29. B~ pFRFIH L =1000 p*RF 9 £ = 0.0005s

KM 427 2 W 429 (a) 57 0 F A 0.05 F5i% b | 7] 0.005 £
R PRA @I I nE J o 1395 Kocaeli # R AP (input motion) hps /¥ fF fg 5
0.005s > & B 427 2 B 4290b) v U ER > FEHEFAHEEEFE ERHFOFTFIE
AT T URE L S Bk o EH AR EFRR N L SR R E

RS R ERTVUERL Fhed s RS E L e FlY o hiE
- Feh BT o BIRF B (R d RFR) SRR TIE AR IERA L
EEI RS E RF B o BAEBE B T FARORAY CFEFAFF L 10 8 .

biEc AR Y R R BTie SR IR 5 0.0005s 0 Rl E R F R A PER
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LR F]F o F M l"__ﬁ';;m Jf'w‘r“] ¢ e Fé&r[f‘(-f—:} 0.005s -

422 F mEH T F RHE

AT S ] [32](2023) ET g ¢

EHE=

Y
e

£

F

<

\+'

KE MBCEHA 2 kI WD

Too Admz

CREF TR =L KT F
“HCKR AR AR 2

F_

-

7 Hp T oF s R R IR L

ERNEE G ¥ T N

RUE A R A SN L 4L ok 412 5

R BARE R E ALY it B

TR R R A

e BB TR MY gk e
401 S5 RECREskiE H-03 R (2§ B, [32]2023)
4 b R o7 BR BHERE 1 F
7 7!
(2) (Hz) (s) (%) (cm)
- 0.25 3 7 44 3.05
= 0.30 3 7 45 3.25
= 0.35 3 7 44 4.90
412, Hg e HAIRRE R R (2 R F,[32]2023)
4 ) Bk deid R Hp fit R AR JLapE
7~ U
(g) (Hz) (s) (%) (cm)
- 0.25 3 7 44 3.05
= 0.30 3 7 45 3.25
= 0.35 3 7 44 4.90
4221 3 (Mesh)
A EY ML BT R 2 42,10 HAp iy o AR e H
4222 R (Damping)
AEHEEA B T FREA 2 4212 F4p02 0 TR R e ;}z’f;i °
4223 #% i # (Boundary conditions)
ASHEEAE T ERECE2 4213 S4pin o T A p e L o
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4224 F#E 3K 2 (Stage construction)

BIEE TR @RS T F MNP E R M o e R g R
T AU A A e S B 4 0 H R e T R
B 4~ 4>FF B (Initial phase)

133% PLAXIS (2023) #£ 3% > UBC3D-PLM & PM4Sand #-3] # ;2 o &4 e #

At f’gf—{'_"—?ﬁﬁc”-ﬁé.]l’@;?’ ) ';F'Q B ﬁ 1o ‘Elg\.f__%g_;k j\,lq %;L;Z‘”'ﬁprb-ﬁxm?”‘ﬁﬁﬁ%’;

NS

PR
o
l&

¥

Tt o AR T e 40P BOE # Mohr-coulomb e s BN 0 &P @ * Kt E
B REFREEA A AR R o R FFEY 2 FAR G B AR
(line displacement) & 4v:i# & =45 o
B f[fFE 1 (Phasel):

EFFE 1 ¢ o BCERCR]Y hE MR G BT XD R R N R ER T
PooOMHOGRERFEAL Y P 20 o At ip Y > EH Y (Plastic) 38
PRIV Mt Yl R4 R FI RN REFE o

B [fE 2 (Phase?2):

wfEE 2 7 o .,ﬁ’xmf”“‘]%—ifif;iﬂ*%%E\léc_@fg@_ﬁ%ﬁ%ﬁ B BEEFH A L
15 o BT BRAEY » AR 7 i % B0 fi (Dynamic) 3B £FA 0 U HCHE B RiEARY
AR P KR e i AR
4225 e BRERE

AP EEHELAPFTETR Y R BT BRBERERR SR E

R IR L R S Y SRS FUS BN S S ER L)

B Ff 2 >4 (Prescribed displacement)
AEE EERE T HRE 2 4215 S GF LB XA L S
BT ?ﬁﬁﬂﬂ%%%m% R LEZEREIERL 0 4 411 7 &5

~ chteiE REPRR S bl 4ol 430 07 o
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0.4

0.2

Acc. (g)

0 5 10 15 20 25
Time (s)

B 4.30. & * %/\erkf"_"- "F‘!‘:ﬂgtm A 2 4,:@)“;)‘&—,;1’;‘}]%]_% 5 — H )

W 432 pFRF 4 #ic (Time step)

AR T E A2 4215 S BF A BRI o L AMRE T F MR
SORAIR S PR RS 5 2.83 1 o AdEc WAER Y ORBIR B HRERR
e % 0.0005s > PIBiciE i % R ARPRE @ & F15 > F ABcERA Y IR S

0.00141s -
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2

~

¥ ¥

AR EP F LR SRR R SRR KR TS EES A e

3k

[k

Ry
s

Aottt AR ERF T AP S B S ERGY ARBEARY o 4
i)ﬁﬁ”l\@/ﬁfﬁm’%fgi@@’ﬁ «‘{E%—r —Lf#;fnv‘ J,mr/;:f.—r rgéﬁ“‘—"ql] ’ji.kbﬁig

SE R N REILE b ER o

5.0 @k T ¥ RHT

BIRE CEMZARH R A S 45% 0 g~ EEGRD L S 0.2g0 B Al
)¢ RS L LOHz REB-WFPF S T0se F L0 BLBIRHR G R FHFES file
O ERCY A 7S S Aeid R PR 0 & PM4Sand #55¢ 8.6 § FF 5 ABITAY R oAk g
1 %57 UBC3D-PLM o5 i & = 5 3 %/ 0% > Ao A g Ed 7o %
< A deB] 5.1 AT o a3t MURRERERIE ¢ 0 # g 3 PM4Sand #5550 7
B FATIET MR R HA, 0 @ UBC3D-PLM 5% 21385 30 MK R 2 % 42317

PEBCE ATEEIC MR R > 4o 5.2 #9oF o
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(A) GL-2 m
0.2
0:2 Experiment UBD3D-PLM
0.4
0 10 20 30 40 50 60 70
Time (s)
(B)GL-7m
—~ 0.2
&
3}
(%]
< -

Acc. (g)

-0.4
0

10 20 30 40 50 60 70
Time (s)
 ,,l@)6L17
C
s 0
Q
<02
0.4
0 10 20 30 40 50 60 70
Time (s)
(E) Shaking Table
502
s 0
Q
<

-0.2

-0.4
0

10 20 30 40 50
Time (s)

60 70

Acc. (g)

Acc. (g)

(a) GL-2 m
0.2
o ool
2032 | Experiment PM4Sand
-0.4
0 10 20 30 40 50 60 70
Time (s)
(b) GL-7 m
0.2
0 W“‘“ iy
-0.2
-0.4 -
10 20 30 40 50 60 70
Time (s)
- (c) GL-12 m

-0.4
0

Acc. (g)

-0.4
0

Acc. (g)

Acc. (g)

10 20 30 40 50 60 70
Time (s)
0, GL-17m
0
-0.2 1

0.2

-0.2
-0.4
0

10 20 30 40 50 60 70
Time (s)
(e) Shaking Table
10 20 30 40 50 60 70
Time (s)

Bl S5.0. 7 b ER 2 4cid BRSO B ¢ (A)-(E) Test vs. UBC3D-PLM ; (a)-

(e) Test vs. PM4Sand

400 T T T T T T
(a) GL-4.5m
300 7
©
o
x
o 200 7
>
%)
o
£ 100
0r | Experiment UBD3D-PLM PM4Sand 7
1 1 1 I 1 1
0 10 20 30 40 50 60 70
Time (s)
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400 . .

(b) GL-9.5m
300 7
©
o
<
)
=
%)
(7]
o
o
0r | Experiment UBD3D-PLM PM4Sand b
| | | | | |
0 10 20 30 40 50 60 70
Time (s)
400 T T

Pressure (kPa)

IS

o

o
T

0k Experiment UBD3D-PLM

PM4Sand 7
|

0 10 20 30 40 50 60 70
Time (s)

Bl 5.2. # iR Z I WK RE P B

5.2 3% ¥ T ¥ MEF

AT SEEERT RS RAE (Hmf L 73.84kN/m3, BT %
0.532m » E&B 5 0.009m) &7 445 » A 5] 5 F4 (Solid) frir ~ % (Plate) » L%
HIUPoR R bt R feR& (5 FBIERERRES H A kb
A4 E SRS GBILE VRS G T LB 4k C otk D o
5.2.1 Solid

AR BRI R R B2 ERE B R 0 R
BRFEREEET L BRI RAMA Y AL BB AR kY E
# #3* (Non-porous) » ¥ F# ~ % ¥ S 5dic > 4oB] 53 & 4 5.1 #7757 o
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0.009m

W53 g@R~% 5 AM~F (Solid) 7 X W

51 FARAMAELE
Parameter Input
Element Solid
Material type Elastic
Erer 11.2 x 10°
v (nu) 0.3

@ 54~ B 578 510 07 Aok BFPFY > ¥ OUE

Al 4vid R FEPF 7 5 4p 020 5 PM4Sand 4p #f UBC3D-PLM #5538 ¢ 2 5 g 4 1 3R
UBC3D-PLM H05% & 02 § 45 481730 F Pk g

-

iPESE R § F ol g @
o AR AR K e S bR € F AR PTG o KB 5.5 B 5.8 Bl 511 07 ke
KRBPER Y o T LpLRl Y PM4Sand SEE Sk BIRR BT AKBREFER Y 4}

tpienis 5 > @ UBC3D-PLM R-K B B pF e 4o i B Fp P a4 — 2R 3 AR% -
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G 5.6 W59 4ol 511 ehy Mt SfRRY o 50 b g ST I8 A e

R 2 M4 - Rt FEABE o & UBCID-PLM B3t ¢ B AT %

Bk M0 @ & PM4Sand #5347 RIARF AR F R RN INF 513 7
B RO PR 2 MG AT ERRERH BRI R Y A7 %iE

A2 R ERERPANEL > TP AMAZ IR ETIHRERLAF -
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(a) GL-0.48 m
05t

° BTARERLIARIASAR AT IAY
o Uu Wl w RN l*

$ ,\w, T \‘u
05F

Experiment UBD3D-PLM(solid) PM4Sand(solid) |
-10 5 1|o 15 2|0 2|5
Time (s)

Acc. (g)

Experiment

UBD3D-PLM(solid) PM4Sand(solid) |
-10 5 1|o 1% 2|0 2|5
Time (s)
1
(c) GL-1.44 m
05F
C "Ml gL LA
= / H.Ha Po"rerl
g 0 * il l‘llc"u|1'1”l."”“
& AUk ki
05
Experiment UBD3D-PLM(solid) PM4Sand(solid) |
-10 5 1|o 1% 2|0 25
Time (s)
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Pressure (kPa)

(d) GL-1.
05F
C
g O
Q
<
05
Experiment UBD3D-PLM(solid) PM4Sand(solid) |
_1 1 1 1 1 1
0 5 10 15 20 25
Time (s)
1 T T T T T
(e) Shaking Table
05 f J
; “"\W\/\/\/\/\/\f\/\/\/\/\/\/\/\/\/\/\/\f\ﬁ"
G O |
Q
<
05 1
| Experiment UBD3D-PLM(solid) PM4Sand(solid) |
_1 1 1 1 1 1
0 5 10 15 20 25

Time (s)

Bl 5.4 %b|- 27 b iFRA ik BRFEHY R

40 T T T T T

(@) GL-0.72 m
30 F 1
20 - 1
10

| Experiment UBD3D-PLM(Solid) PM4Sand(Solid) |
0 1 1 1 1 1

0 5 10 15 20 25
Time (s)
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Pressure (kPa)

Pressure (kPa)

4 T T
Pipe(top)-UBC3D-PLM ]
———— Pipe(bottom)-UBC3D-PLM
3 Pipe(top)-PM4Sand
— ———— Pipe(bottom)-PM4Sand
E
=
w 2T
a
)
1 -
0 | L | |
0 5 10 15 20 25

| (b)GL-1.20m

SR -

| Experiment . UBD3D-PL]M(Solid) . PM4$and(Sollid) |
0 5 10 . 1(5S | 20 25
(c) GL-1.68 —
i
Experiment UBD3D-PLM(Solid) PM4Sand(Solid) |

Time (s)

Bl 5.5 kb 2% FiFRI M KBRER R

Time (s)

B 5.6, % bl— 2 8 RAINEF SR TR R
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Acc. (g)

(a) GL-0.48
05
o
;0
8 A W
<
05
Experiment UBD3D-PLM(solid) PM4Sand(solid) |
1 I I I 1 1 1 1
-1
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Time (s)
1
(b) GL-0.96 m
05
5 LLLLLLLLL
G 0 | ke
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05
Experiment UBD3D-PLM(solid) PM4Sand(solid) |
| 15 . .
-1
0 5 10 15 20 25
Time (s)
1
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! ‘ |
1.w HHHHH
05
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Time (s)
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(d) GL-1.92
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Q
<
051
Experiment UBD3D-PLM(solid) PM4Sand(solid) |
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Time (s)
1
(e) Shaking Table
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C
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Q
<
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Time (s)
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