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Abstract

Series of shaking table tests on a model pile within a saturated sand specimen using
a large bi-axial laminar shear box were conducted at the National Center for Research
on Earthquake Engineering (NCREE), to study the soil-pile interaction in a liquefiable
ground during earthquake. The shaking table tests included a single pile within the level
ground and inclined ground with a slope angle of 2 . The pile tip was fixed at the bottom
of the shear box to simulate the condition of a pile foundation embedded in a firm
stratum. The pile top was mounted with steel disks to simulate the superstructure. In
addition, strain gauges and mini-accelerometers were placed on the pile surface to
observe the behavior of the pile under shaking. The near- and far-field soil responses,
including pore water pressure changes, accelerations, and settlements were also
measured. According to analyses of the dynamic responses of the soil-pile system, it
was found that the behavior of the model pile and soil-pile interaction under shaking
was affected by the dynamic characteristics of the piles and the surrounding soil, the
mass of the superstructure and the frequency content of earthquake shakings. In
addition, the kinematic and inertial loadings on the model pile due to lateral spreading
during shaking can be evaluated independently with the input motion imposed in the

direction perpendicular to the slope direction.

These experimental data were analyzed to identify the time-dependent
predominant frequency of soil-pile system during generation and dissipation of excess
pore water pressure under the shaking by performing time-frequency analyses and
system identification. The relation between the predominant frequency of soil-pile

system and the coefficient of horizontal subgrade reaction can be obtained by the

d0i:10.6342/NTU201701560



proposed mathematical model of soil-pile system. Hence, the relation between the
normalized coefficient of horizontal subgrade reaction and the pore pressure ratio was
established based on the experimental data and the proposed mathematical model of
soil-pile system. It can be seen that the stiffness of the soil almost vanished during the
period of liquefaction and the stiffness of the soil would increase with the dissipation
of pore water pressure. The trend of the stiffness reduction is found close to the

reduction of soil parameter proposed by Architectural Institute of Japan (AlJ, 1998).

Keywords: Shaking table test, soil liquefaction, soil-pile interaction, pile, lateral

spreading, soil stiffness.
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#2195 Tokimatsu and Asaka (1998 ) frAbdoun and Dobry (2002) 2_# 7
o B RFAPE S FREFART O RAHATR2LIEY 4 AR R PG
ﬁ‘;i PR IEH 9132 ff 424 (inertial force) » ™ % F5E % [l F R mm (F% 3

A# T * 4 (kinematic force) o @ b BRI BEEF# A P AT KR DR

d0i:10.6342/NTU201701560



4 T PN RE I PR
PR AT RS L AR AL R AL § G R

datR it Y 1 T IIEY g RAFSRM B R H < S A1 R <
WP BT PR Aot AdRE S AR SRSk B R
FITRNpRFRE S EFLBRBII BN R A MY F BT
RS Grarg] . pax R e AR RS 0 F 3R
BHFERABORIES G2 FREE AT 4 A RIES T gk
P EEE T o stk RV iEARY F IR R H A R R A A B A
LA ERE IRy AR LA PR IRFRE P T SR
GEFITAT 2 REERS RSP AH LT R B LY 22 2 A EHR

IriO

e

121;1 Bm"k"%)‘zz

AL AR P I FHT R R R ERERE LR T
AR I A A e T4 B L TBFERPRIIES] gRkd S
WA RS A LR B Y HRR S AR Tl
g4 3R 41}?51,{( fri4 B HEd R AR BN
FIAZZET MR R EF @ FTR G o

)

LAgBR

ARG LRI RA TS RS RA T » #E S Ly
£2 it7 5§

MERFERLLRET T ARTE AR T RS VS
BIE BRIRPENE e T ohd AL AR D K AR R ] et R
BIARLIRZ F > By 30 B2 08 s LB REIVHORRE 5
EERFER URE SR BLREERLBEF BT AT ST AT

kit R AR RAATEY DR AN F AT R E R

Ik

o

1

;_ I.Jé»"'
]

AR

d0i:10.6342/NTU201701560



BAlRIRS: & fo o SR @EARY A 2 R E kY HRRGER T RA

gtk At BRE S LRI P ETE R HBA
NREHCG S JREOE S B B e R B TR R MR T Lt
ﬁ%%? X< ¥ LAV ﬁp:Mfr,z Mﬂ%ﬁ/%ww# ¥ i B4 3R 3T 55

(SR ALEN RS ERE SR L k- E?%3m%§&ﬁﬂﬁ~

é\*q‘?
e
%

PR ERERARS S TR QI BB 2L R
FR2BE QBRI ARL RF LB ES
MY AR B RRS SRR - BRI A
EHH R %S Hbho koo R8T 4 F% £V Fihe 862 hiFsd
EURGEVAR S|P - Sl grsgh_-@ﬁf’r’# %@%ﬁg’iﬁﬁa& B b g L SRR G A A
PP ITALL RIS A R N S L 7 R F it { SRR

3

Bl

R

-

FOEHE R R A A R P T SRS 2
G foR) 2 R S REREARY B PSR IR R R RS R
y&ﬁﬁﬁﬁﬁﬂ%*@i%ﬁ’iﬁﬂﬁﬂﬁgﬁﬁ?%fi3&ﬁ$ﬁ
TP R 4 Gl MM e IF 2 R TR FAEE T HORREE A 3R

el 4 o

AT ARASGZINA > FAN] giR S @k RT R B HEBZ
IHIF S e RRAZFIHORRER T I
PR RE R B R D MA S AR BEBREREA S 2 I
T4k g BB R PG A R S R AL F

ﬁ%ME%&Wiﬂ*ﬁﬁﬁwﬁﬁéfﬁﬁ%éé%“%ﬁﬁﬁ4ﬁﬁ%

n

)

kY
%

-
oy
7~
=
hd
&
B
T
T
|4

Bl ] R Y R ER BRI H AR ZEH G R
3

d0i:10.6342/NTU201701560



SRR S S SN R L L N R S
rﬁzé% J\—j-#q—ﬁ"}f:{ éﬁ;;b';i L.]xﬁ J\@7 Fﬁ‘gf,/?‘o

>
~

-ﬁ%*%TE’ﬂﬁ‘P%*%ﬂ%ﬁﬂW% TR SCTI LIS

>
>

AR S3% > 18 A &Y 277 2 28005k 2
EPEYE RBRRL|BREARE o

Ji
el

P d KT ERS SBREFEAN  RER S BERERE TR
Tl IHIEE 0 AT RORREE T S e RE
P2 B EE -

I=q

s

ALY IR SRR B AN AN BER LR
R AL F BB

BAE RTHE I JREF LR URRR R THL A
ﬁ%ﬁ@ﬁﬁﬁ%%wéﬂﬁﬁﬁ*%%rﬁﬁﬁﬁﬂﬁ IR

x
\ 3
s
4=
o
i1
L3
S5
il
peit
‘t
R
B
4=
s
3
W
(\x.
A
s
Pt
P
h
e
A
=
4
(w
T
4=

d0i:10.6342/NTU201701560



by

- F ¥ pRw AR

21 3 3ip

Casagrande (1936) [1]04 g/ 3L F4 vt (critical void ratio ) PE 4 f# 8
(RN ALE N Y( PRV FUE I FH ARk G oo RRT < WA %
AR BRI 2 ABR > IV T L 2 R s 2T
FEITRA I et R R o fL2 SRR Rk (critical state) o Tt
BRI XTEE FHRIE AN TRA IV > A § rﬁﬁf’”i@‘&?@ 3
7 PR R T ’i’ggﬁzbl‘gifk@%gﬁgﬁoﬁ:}% gt Ao, = ow
B ooy 52t oh BB cui RGBS FRES REF R
AAZFRA HORRIFFH A DS ApE o RS SR o A R
BAPELF P BART ERRAMRE -

jud

Seed (1979) [2]#- it i3 4 414 £ 5 AR

(1)#~ 40 i (initial liquefaction ) @ pt f&IR % 4 & 3 4 *t&pfopr e 2
Bodooog 2RI R B BN E T A AR ORR
FRREER LI okR %F‘?‘?#ﬂf PR ATIRIC KR A B 3 g a4
AL G A iR it o

(2)F Bt (cyclicmobility) @ ptfEIR % 4 & 3 4 3t kpfod ¥ ?f‘ %
B T BEI2 K FIARLDIFRE RGP L Dbt B R
T 4 i 1A 2 X RN R R % (limited strain) > 2 B R AE 2 R

SELEE LR REREE ES RS X RN Sl Y
Yol H AR o

~=$

FRAATET LR ¢ (NRC, 1985)[3]+ AL N8 K B 515K 2 3ip it 2
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v ﬁiﬁﬁ » & W E_ 1 (1)¥ #)(sand boil) ~ (2)ii # £k 3 (flow failure) ~ (3)#= fik

g AL g g
(ground oscillation) ~ (S) & §* 4 3 % i
g J”]‘?*” R S

(7)# 4 i Fird 2

19992972 21p %4 4t Bt Eu g

Bt Hol B FRRBE 40

S AEE UL R T F

3

i 71 1p) /B 7L 3% (lateral spreading) ~

&R

@) kT v pdr By
S8 AABIE S (O)FIFF F AT E AR

®)Hh+ Bt BIR S -

EEE T SRR SeF
FRAR A4 FE 2T
YR I~ARR R T L R A LA

g

AEEYE RBEEA LTI HERIR YT R G B2204]5 7 0 ik
BARLRERL Y IREEYE LB T ALAF () kTR EY FE
FAFHEE BETIAERG o SN Y5 A TR A B BT M
A P iF S pig; Qhrmals g Mﬁ*ﬁ&ﬂi%iéﬁgg’j%ﬂMﬂi
PR T m A R IR > d FARF b S LB AR
-~ FL R g Fa g SERe e BASEIS B TAT T
o ﬁﬁ£ﬁﬁ§~fﬁ M %R Bl 021 B BB R
PEo o0 EITHABER A > ZARAEE TR L~ FE R AER ~ S TR
WHiT s s B E S L oRE T 2 AL TR AR RIS FE R
FIEP RS FEEALE F Fnda L A irkas A SR e

o

Wt ) e 3

22 3 K¢ AL RFE
221 2 3EP B AH2 24 75

PREBAE FEEAA R

BHBEAFER R LG A2 184

#25 Tokimatsu and Asaka (1998) [5]% Abdoun and Dobry (2002) [6]=%

TOHPEART AL BEY () AR RA o N s 2 g
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A HCRRECL > 3 2 T 4 BB R ATR O] o 0 PR A A
BRTE AL RS IS I R R TR 4 o] ()i~ B R
BH EETREARN I AL R SR ® o 22T 4 ol 5
B bgRER G P PERARZ R4 RS A AEe s 3R R RBHEASIR
2 fg #2i¥* (inertialeffect) 2 R it 2 X R F RR T Ey Hind 42
AR A 55z A F oo i (kinematic effect) & WA 134 o F &4
(2000)[ 7]+ 45t Ayt PEHY > F IRBAEIIR2Z A TR FII BRI 2R
¥ @ Ll Rz 2 RF RREREFII B AP S ()Y
' 1

K RS R o BI235 M RGII HR B R 2 ik
GO S - IR N O

A

g

Ak

I

2

ik

—\

L

it
f»»%
P
Pa

B2 A RREP RN ETAG 2 R AR A AR

P2 PFEBEE BRARS R BRCPET A LA ()T E
m:«iyﬁﬁﬁgﬁyﬂ&mmﬁéﬁ%ﬁfi’ﬂwﬁﬁﬁﬁﬂﬁ%
FABARIERVFRACES FELRIE DR ABRT R FHFL

i%iﬁ%,imwzrﬁkﬁﬁé@ﬁ”“
Pl AR o FIAROR S A 3 4 BE i Q)M AL & AP A
HFEAFEAUBL2 0RO FFARTAF ISR ERIFYE IR
B REE 2 U R R FER RS 2 RN HRAHE
A TR 4 o EREE R DR AR Bl R R A AT
wﬂﬁl’m%iﬁiﬁé%ﬁ“%’gﬁﬂf Bk 4 piepr o Bl
£

S ERE ST 0

2.2.2 B 33 B AR

Tokimatsuetal. (1996) [8]1345:8 2 £ + R W 3 AL iFp &~ ks

AH BT AR R EY 2 BURR] o Ao Bl 24 77 o d GRBUREH Y
Rrf LB RS B R IR B AR g R A AR D
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EA B RRAY LIRS BE BR g SRR
% 4 o

Bhattacharya (2003 ) [9]13 453t~ WA RHF B S B R UA LR B F B 8

et Ad Rt 2 R Y 70 A4 Ry (buckling) Bz 17 18
TR AL B 2.5 58 B0R15R % ¢ A thd B B R - Linetal. (2005) [10]
R E AP EFR R RABAREEFF B A BEF
F. Pk ATRPe e+ M (Showa bridge)2 % bl & 2 3k S A H L 2 F
o RPEAOKE A e 4 E A ERE B T 0 YRR AH L
TR AR 2R R EFRARE A LR

Haldar etal.(2010)[11]:4 4 *L £ A #c#8 FLAC 2 = T & L% Bk 7 i
FiRit 2 k¢ R AABENG 2 Sl 4T A B SRR 2 HOR R
WA fh L BB AAIRAE 4R - Haldaretaldy 91 &7 St 1t 2 & ¢ f i al
2B i 2 KRR AR P RE R RIHF

AEH LR RSB A R GHBR R LIFR - FIY 0 R fRAR
Bkt K Y 2ZBURAS  RIFREY R K AR R RaOR R AR
£ 4 -

2.3 it 2 ¢ BRAHE PR

bt e it 2 AP R A B F RIS PSR R GIPF 19958 7
~Kobed & 7 #84 @LP| 7L ¢t (Ishihara and Cubrinovski, 1998[12]) » & it 4
B2 AR RF 2 W BB RRITHRAPE L F o SRR 2
Bo ARERF BT 5 0 RIT 1Y FRAARKREFFY o PRI
A EZ B RIS &G 2 A (D) < 3RS SRR
%o (2) Ho BB BT RS 0 () ¥ 4 1 B RS R o Bl
Wk Ay £ B 7ot R R P AEE Rl % Fu(seismic lateral
resistance)~" 47 ~ e v 2 & 2 — A H — P INEHEE 5 T 41 F E(dynamic

d0i:10.6342/NTU201701560



interaction responses) ~ 578 & #]i% i (pile head constraints)? 53 & R (pile

group response) 3 1 3 ] F ¥ K 52 F F(pile responses due to lateral

spreading) & o

2.3.1 + & o B Pk

Yaoetal. (2004) [13]4]* H & *x Al3rd S 2 < Y H o g § k0T 4

v

(dmx2mx2m) » &3 £ P22 1.75m £ 2 HA4EHR M EFH L 3 3
At IR HER > A R ERECRI26%TT c BRI A
-2 R 2 ¢ X% I (predominant period) X T 2 4 3 IC KRR B 82
FHRBPE P ABRFLIEI RS RN B RS RS EE 4t

HER)R w2 R e

;E\q»

=2

Tokimatsu and Suzuki (2004 ) [14]% Tokimatsuetal. (2005) [15]# * H

9

< AFRE S AEe S AT £ (12mx35mx6m) &F- %57
GOk T MEALE R(MA S S2R )2 2 E-BRAAH D VT HER
HoY d3EaMe Sicpm s efor 2 B0 B R BAE & B% AL A YR
278 B2.84777 o AP A 1T R F BT B ¥ B2 ATTEIC KRR S (2
ﬁFJ@WWvﬁwhﬁﬂwf;éﬁ PP FL B AR RN R

DA o vEFF Y WK S R T L VR TR L B2 o

N~

pt #b 5 Tokimatsu et al. #% 1%+ %Kn’%ﬁq‘?ﬂi POARIFHp | AT AE g AR
Plb 35 5 ¢ M 22 b I RPIF A 2 o Rl A A R <
g%iaﬁﬁ SRR LIRS B R L ok PN 2
PRI <20 B p REW > P FEBE ISR RIS T AR
(out of phase) > PltnE &~ 4 ¥ 4
I L B Py o
Tokimatsu and Suzuki (2009) [16]41* p 25 Egi= A% 2 Eaf R 1 &

Py wf G229k Aks o (E-Defense, 15m x20m) » $fe ¥
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é_’ki'rf'b:.%&@ﬁéifﬁl%i%?/%;‘%“ﬁ@ﬁ (E/2% 8m> B 5 65m> 4
RI2.9) »&fF- k5ggp it ior) 2 20 tak - N3
Wk Hpel oR2.10977 o Ryp H 2% B 5 &% 1 EF LA 17425 (pseudo-
static analysis)? 3=/ A # X RPFATX 3] IR G S

Rl ®% 4 5 FiRF FRAR R AT AR

TR S e
-1 LI T Y A
2. F%& o

Cubrinovski et al. (2006) [17]# * ~ A|3rd 522 § K ;N5 4 £ #r3E (7
AR FIHARRE R BT AT HBHRA AR A
%ﬁﬁéﬁéﬂﬁ“%%’#@“Mﬁﬁ@%ﬁ%W@&%uﬁﬁW%i
BB AHAF B2 B - Bl2.11 5 53 Hird: &35k i 23R AER
EEEN AR SR & LT R T Y L R SAE
BRIP4 REEL ABPHO M 2 ithit 78% - AT 5T HhAAD
R F T BFLBF RS IEBZABETFRY L2 EDSG HiFL
IR EREA S A PRREG 2 ARIFIRT S EHE 0 F A
B B2 itk 2 R i\'ef“rﬁ Btk s I B EMRM R
BERCIEBRF EFRR ISR T L 4402 K R 1/30~1/802
¥ o

lgird: o HAIRES LA AR LU R RERKRFBEFRR £ 4 F
AR F RE BRI I H BT cFETEFAY S
EEESC(DIVHARRR I EpyE S PREEL QR REE L
gz i for 2 ¢ AR LIRE 50 AHEHSRARKL I HIF
R HE -0 P wiRd CHARREN BRI 2 S E BFR) S

REFEZAm S D EY g PINS 2 EF R A L BT A #H 2
SArE o FHEHEFA R PBIIHNFEITRERARITRT B oo
BT BB P ST ED IS REMLFY o 2 @y

ERHEE AU PRk s N RER RS L § e RERFET
10
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P § RS F L AR RER AR 2L

2.3.2 o Bird o WA Birsk

Wilson et al. (1998)[18]# U.C. Davis{!| * ZE K >t aw 8 F 2 3 5
5 R P 4 2% £ (laminarshearbox ) BB H B H R b 2 k2 (7 5
(4r@2.12) > THF BTt R2LRPHEF BT > (T3 002 1R
4 (p)& 52 4P 45 (y)2- B % (p-y relation) - Brandenberg et al. (2005)[19]
FI*F AR REFF AR L IEPFTHARE S ZBFE > AR F R
Matlock (1970) [20]#74% 41 2 #F fap-y & &+ 7B 2% i & (clay crust)Z &+ &
TetEE T AR R B RS EREE RS ARt R RE
BRERE AR RIIEZ P RG M
Abdoun and Dobry (2002)[6]% Abdoun et al. (2003)[21] & * I & #32 1

-

& [ (Rensselaer Polytechnic Institute, RPT) 100 g-ton &t % 28k H } ik
LB Ee S ANTA - ARV EIERFIRIEBEFRA
WA R BRGEFRB VB FEy gL ittt 1 k2
B (Ao BI2.13477 ) L1 H a8 B R i LA 2t
DOBAEIER G R ER BB -

Kagawa etal. (2004)[22]41* p 4 i k2= 3K (Shimizu Corporation ) 2. 3
SR A BT B eiRE SRR (5S gE R iR 2] gx R GRS o
WREFHAVH cRHPIFFEXRBER Y BRI XRERES
Teri? ¥t X BE% c B2145 %= 2 formd ¢ 2 Bk el > 2
FAMAE AR AR A e A% &350 N 2RI o Rk s 0t
HHEM apd FP EXRABRE Y 52 ZRFHRY o Bird o
R ORI gIRE SREHRER R e ford Y R X RRRL
PCHOkERASFTEARI RS REFMNEIgRE s R REE G - LR

Knappett and Madabhushi (2009)[23] I * & B &4 ~ 5 4. 83K # &

11
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g_3ﬂ¢i9§éﬁﬂﬁ%ﬁﬁ;%%uﬁﬁﬁﬂi%ﬂﬁﬁﬁﬁﬁ
FRRT V05152 3 48 TAUR R AL © 17 11 * Bhattacharya (2003) 74
R P E TR B R AE R N H R R B R S
FOERCER R APHE RS T AR IAHEDP R PERE G

B R R enfEim o BB F1E D AR A T - B B 0 B2 SR

(dilative behavior)4# |+ € 4% = A #5588 F chip| o Ly "% M ARl e =8 o

233 Ry L1 RIRABRE LR

Rollins et al. (2005)[24] # % B 4c ' Treasure Island 2 “BF = ;8 & 4 4
I RRIRE SRS R R BRREBHRS G P2 HR2 R
el PERFRE S E BRAHL R F R TRER 0 B AoBI2.15
AR oA RERETRMEARICIEE py A RFHEFDLE D
ERI AR T 8 N R
Chang et al. (2010)[25]#-= & ~f & Ha # 2R oA g At w2 R R
(5mx25mx25m) # » 1% RikEF & (Vibroseis truck)2 & & £ >
A4 ¥ AREEERBHIFIRRER B2 RART 2 HRKH B
Bl A S Bl o BI2.175 A R HOKBRW FRT o RRE LSmiAS & 2 p-
yo AR R SR BT pyd M2 BAEEEF IR KR L (r)H 4
AR 0 b R B E I BG4 b e 2 AB R o B G ABET
DB fEp-yd B AR (AR o dEFR 4 € BB D 0 @ R R TR PR B

i“a’%t o

245 1 2 R AL IURAET FIA 472

B g R 2 R i 2 R AH- IV T ('soil-pile-superstructure
interaction, SPSI )4 47 > /£ ¥ $%4 5 (1) # it » 7% (pseudo-static analysis)

% (2)% it Hc @ 4 4772 (dynamic numerical analysis)= = #f ©

12
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2.4.1 ¥F R A 1 E

BELAFTEX e EF 4 Gz HRARp R AEPEAH DL
17758 s AR A E R ik 0 AR S b2 ¥ (Winkler spring) k fiE
BAEF 4 P3G HER & ¢ (lumped mass) & > H I {0 4o ]
2,187 o M BRI 5 R o A# B (Winkler model) > @ # ¢ Winkler 3
FF LR H 2 SR DA e LAY P .

1 A2F AR A 7R i 4 K A H Rl e e d(lateral resistance) 0 fi (€ *
Wang and Reese (1998 ) [26]# 72k 2. ~ 17425 > #L /% 4 & ZBp) 3 R A7
BOR R T B2 poyd BEFIRAHER e L AT fLpyd R
REAAE—RRAAIFIGE L D AT RR A2 S B eItk R2

o Rollins et al. (2005)4 %]+ * Wang and Reese(1998)[26]# 12 3% 2 /% i*
fo 2 K s 4kig B 2 2 2 Liu and Dobry(1995) [27]4-Wilson(1998)[18]#74% )
trp-multiplier 2 & Fp-y¥ MITH T AJTRE R 3 K ABRF o FRY
%%?ﬁ%%%%%?ﬁﬁﬁﬁiﬂ’ﬁﬂ%m R TR
PN R S Sp-yd SR A LEFIERIRS BRB L FEE R a0
%% o Liyanapathirana and Poulos (2005)[28]4] * /& s. A # -5 2 H » & 3
B FREATTEFR  RDATTREFRERT S R 2 ABAERE T
FIMBRTERNE A KA RBRRE IS ARTELEY RIv
ERBEI2ER S CHEE D SApe o LA ED R TR T 4 K

AT R TR R AR S PR R JT I RO ARRL T A B R
2 P o R TVHORR S B S
?%oxﬂﬂ<&/\+’?ﬁﬁj_$’*ﬁﬁs? LTI

IARFIFRBEARE BHRAFESH AT E R R LEET o
13
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2.4.2 & fy Bl A 772

Foapgr v g DA G-I RS IS 26 Rl E A 1T
% ¥ A 5 2548 & & 37 (uncoupled analysis ) ¥2 48 & 4 47 ( coupled analysis )
BAE o AR E AR 0 AR AHY X AMP AH PR > ARE A H2
PAER S YR EFARCARFZER 2 BRAHZ EREF R
ABT a2 B AR E A T AR 2 Y U RARL L RS &
Ar e d B E AT R T HIF BATER G RIL > ¥ F AT 23R

AR T Bl R 2 R 0 P R RE A PR R -

§
*

2421 B EL 7

Boulanger et al. (1999) [29]5! * Matlocck (1970) [20]p-y & %% 4 -
WORGEAE S py R B2 B — AR 417 5 0 £ 5 BNWF (beamon
nonlinear Winkler foundation ) #5% o 38 453 w2 (75 e 3
Sl & E-SRAE T MR J ERRIEAYE LR SEAE Rap) R S sl S
ho @] 2.19(a) T o AERE AR 8 B NN P2 gl A

it TEEE o H P g stre R Rl VR R A ent N B R Y o

L EEE 2 p-y ¥ AP AeB) 2.19(b)#1 5T - Boulanger etal #-3% #-58 B & 5 pF
Bz = Mg "~k 447 0 % GRRIBL BECAI R LRk S e
BAeN @24 gt HoRRS g2 B

Klar and Frydman (2002) [30] 3 ¥4 4 425 FLAC % & Martin et al.
(1975) [31]2. 3 Bk B 4 s o2t £ % ok B if 4c /7 5 e (T pE 4 =

Rl 2 K —AE LAY AT R E T EF LG ok A4
e H ok

o

L
Bt AP RAHRREILS NI B &Y D A

IR AR

a

Linetal. (2006)[32]4% * & 5. A2 # 7% » & %% Badoni and Makris( 1996 )
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[B3]27% &2 R T YR B2 52 3417 5 52417 425

H ¥ 4wz Bouc-Wen (1976) o  ficdg 2 i Lz 2L w B 4
432 5 £ 11 Badoni and Makris [33]#& 71 20 R H4E 45 S+ e R > HEER 4R 4T
i B FITVHCOR R S R R BT R R 19 aIR %o B ik 35 Kagawa(1997)
[B34]# e B DN T2 M2 AP EFS B IR S 2B 0@
BATH N Z pd F2 ke RERERIFIHRERF K BIE ] * Elgamal et
al. (2002) [35]#7 B % 2 Cyclic-1D 48 ¥4 -

Chang et al. (2008)[36]4 if s A A fp ek > REF R T 4117 5
7o GG RABRA B LF S &R JEFARL R T2 JEEY
Fore & B R %*%E’ et THmm L R or E IG5 2 e
BAE LA E R A B0 %“riﬂk,j‘s.&‘u}ﬁ%/ﬁﬁﬂﬁﬁiﬁ*@ﬁ%’@
BTS2 pd Badrb I:f;'ﬁaaj R A B AN KRR R o
5k 5% (2008) [37]u 4§ Changetal. (2008)[36]2. 47 % = ;= » B & 3 - KR
HAE2pd F2 B F R £ RIPFARGEFHRALRCPEST -

FEPmEmE LT 2 0 A e Y RICVHORRA 2B v
Hoeorgrh 2 GEMORBRB L B By A itz pd BER RE o R
ORI LM KRF BEER A kRS LR - ke
PR AGHRZ > FPEE- BT o

V5

2422 8 & 237

Biot( 1962)[38] 7 A& d1 2 3Bk e foiidl 53V A F L BRI S-
Zienkiewicz et al. (1990)[39]R] 2 # Biot & 4878 £ 52 » 4% 1) T 4p (=45 21 50
4% 4 (us-pwformulation) 2. 3 2 RJELFin @ 4p48 & ] > f25% > @ gt
B MBI FOF RS R B R R W R F
Rid At ed® K b b RO AR Y ot 3R iR g 7 (Okaetal., 1994401,
Yang et al., 2001[41]) »
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Oka et al. (1994) [40]:d 3% F4p =45 223 R # B % (us-pw formulation )
% 55 1% 4 TR & ¢4 TL A (FEM-FDM coupled)i8 & = j# » 113 2
~ %z .Mz;;tﬁ'?v* 2 T gES ARt o @ G LA E KRR KR
SR > TEH LA 4 iE Hs A 1 B R (non-linear kinematic hardening
rule) z B M 2 A FNEFRRGIRB R EE AR K L gt
DI PoB LRHERG AT B AR RS A RPE

Yang et al. (2001)[40]4% * F)4p =45 223 F /R 4 (us-pw formulation) B
o B - 3 U f 42 CYCLIC > # & * Yang(2000)[42]4- % 4 3 i
feerg B RS 2 S B F T S AR ERUR 1 R 2 Ao AR
A RS RR SRR A TRER -

o2 iF%E £ (2010)[43]41* FE-FD = 44 f#;2 (staggered method ) f#i&-
FAR LS fR2 RPAE 0 B PERE? Okaetal. (1999) [44]%74% 312 F %ol |+
BAITLR 2 2 f04 e (T2 p & 1995 Kobe ¥ B ¥ HixA#H2 = &
FAEd AT B AT R 2 R GEURTITAR P EIE R BT KRk S

Flut s g g a2 E R - HREs S EY

25 RAFE RH FiR i 2 AAHK 2 2

o E kR B8 A [45]% 2005 & % 02 R L BB E
LA AR R B L SRR L i R A A R
A LT R 0 2 GBS IR T R A2 A s 4TS B

e

LT ] i e

2.5.1 5E & 7850

S A PTHC AR Y R FL RE L RGEGE BT RA
A2 A L7 AT ARACB) 2.20 Fror o M3 R R P A ";gﬁ;a;l% T
S F(V A RSP R (2002) [46] 0 H P kT s @R 4

16

d0i:10.6342/NTU201701560



AT T I
(1) kEfid o s TR R RR T R G 5
AR LEENE Y AR ¥ S ELE
() WP Fd B R ARE R K 2
(3)  WPoRITFABE P ERY S ARALE R F2 kT
fod R

\4
N
i

252 REF A AT

FERMEOFI R SEEFITR Y R EF L BRSO
PERe B R RAH O K P T ET P AERER € (JRA,
2002)[46] & Tokimatsu (2003 ) [47]r’5 Foorde dr oy 230k o @ ;F‘k e DAL

’éifﬂ'l‘)ﬁiiﬁ‘z‘ﬁ" DR AR fé""ﬂ‘ﬁ" LI py o ML F g H §
BB AP N R EAPRE Y A4 R IR L 2
T4 o H o Arde R 221 0 11T 5 A A F AP

2521 B * AT~ F (2002)0 %

%T”*O/M%)L%WW%@mmm>maa%i e
***’ HERLEF "

o

ﬂégﬁ;pg?ﬁg—f;qﬁjﬁp*ii/]k’i

~=i

F
e
Rk
Fe
o)
k=1
IS
e
o3

N
ol
s
<
K-

A FESm o ® A Bk A 100

QR)EpiRi TR > 2 TLERCZHTFERERFESm Y » 237
et 2 R CRFARAN kT S e 0 2 o

T RE AR AR A 2 PR B KT T MR H R
TREIFENE feodm PAHEN AL ISR ARG RIS A
TR

LER T SORES = RN EN IUER N IErS IR OO

2

i

34
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ol 223 ot 2 R fE o Hunde d 3R A 2Rt Rt ke o

X geT
Gy, =€, Cyp Koy - x 0 (0<x<H,,) (3 2.6)
q=c, ¢, \pw Hy +y,(0—Hy )y o (Hy <x<H, +Hy)  (342.7)
fizﬁ%Leﬂ)GO—Ojﬂ (5 2.8)
He sque a7 &2t 3 Y A# x(m)iFR -8 2 5 =0 f e

inde 4 (KN/m?) 5 qu s (6% A it 2 kP A# x(m)iFh =3 2 8 =5 f# #

et 4 (KN/m?) 5 o 5 RSB ARFES S L 2 3 ¢ S8 ok 2.1 997 o
AR K Rl iRds 4 2 B lic REBIR MBI PL(C 28)3
222K\ cL it K pleondd 2 B0l 1 ET A 9B 035
Kp 524kt 2 R4 (e yw 52513 k2 T =& (kN/m’) 5y 5%
k2 TmE = EkN/m’) s Ha 52500 2 A2 ER(m) s Ho 2% 2 &
2 ER@m): FLifup itz 2tlc $ F, 21 B F =1

BN 26 B30 27 KB H G fFRlw 4 o R AH L ST
TR EE MR RZ R 4 B AAR A e RS
B2 A#HHE R AE 0 BRPFRY b’“r"ﬁ AL R AERIw RS o

RO AR B

1
S

T\4
¥
W
\ﬂ-
T
—_
=
4=
=
3
e

SRR T L R S N

o Hunds A gt B R R 27 A A B 2.6

2.5.2.2 Tokimatsu (2003) = ;*

Tokimatsu (2003 ) [47]*74 2 = /2 E 4 % 254 3 3 py o BFGVE 4
PRI E R R E BRI A AR AR FRITY > LT ABRT v 2R
FRAPT AR 224977 o P 2 HELETEE N SRR A BIFR LS
45k T % f(z) Tokimatsu 23k G 3 Rl e i B2 F FE AR5
2.7 F AT

(1) 3 plminds FRE2F RRE foy(2)
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(@ A-F R - FARI A2 Na(F22h3 4 213 1kglem® e
i B 5 72%2 SPT-N & ) i Z Pz BT R Y ta/ovos
(b)d Tokimatsu #7i£:% 2. B 2.25 G F BT RS Yo
OBKF ATRR Voo ¥ k2o d R KRNI H vy fi
Ao VRPN RIFERLIE SR BRI (2)

Q)3 H AR 25 f(2)
(QEIH RIS EHDE > P/B FRE S ARART =H (Do)~ e v
FR (LRt B EAE (HZMk: @ L/H=(25~100)Do/H -
(D)3LiP /7% AL x FEAE2 X A RT 8= (D(X))E 7 /% Bt E 4 A4
*ﬂﬁiﬁﬂ%ﬁmﬁﬁﬁéﬁ{ﬁ;D@yDo—UQPM/ﬁr@226ﬂﬁi:

() 8LP /% AR X FEH2 = B XA =3 d £ (zx) 407
fp(z,x):D(x), z < zw (34 2.9)
/>y (z,x)=D(x)cos(z(z — zw)/2H), z>z ;v 2.10)

HY 125020 TIFRRE S w A TORFRAR S 2N

26 AZFFI KRS A FHATH 2]

PREAM O FEFRE R B R T RS> L WY 2 A28
HoKR > iEm E it Heng 2t 0 2R R B TR F A G 331 gl
Fooom 2R IS HN RIER RIRT Sip g ik 2R R T 27
WP FL T B P HRE PR ERNRERER RS
BATR & TR

261 P AKERE EREMAES

Ay E A (1981)[48]@ * [ 2 # 45 * k@ iz B o for) 4
A (e F12.27) > E AT 2 R IOE S B ORR R I R R (,
AW/G )i e R TR E R KB AT I BRI TR i
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& 4 & #c(subgrade reaction) o B|2.28 5 & A1 2 g A E 4 B FIE KR
W e m R 2 M A o B AT B A[AS]1REE N RA L ER SRRk
- BHEFRE > T P RAERE ETERL IR FRFBL R
% > ¥ (FL=R/L-H?RzZ BERAURCRER Li ¥ )&JF Ti‘)u,}‘a 2
IR Gl B S R R R € TIE R 3 T ST 2 g

LB 2(1990)[49]121 CKCH 4 = fihifsk R feH Zadka - 2 F)E
(Topsk o LA BT 3 RERE Rir e B ORR S IR 2 3 Ok
RV (ra) (8 AR E T EFE o e JUF R IR A BV HORRL T
FOEHCHcZ R o B2.295 AMARE R R 39 % 0 B FI/RISkPapF 0 7 e 3t I
KBRS N2 TR BRI KR e d BlY TR R
UMK REE G EEHN IR EITFF E R F T REARS > £ 8
f’rﬁﬂ"f—ﬁ’%*ﬁiﬂ’?%ﬁ&[%]iiﬂfi”ﬁi ¥ 2. % $ - Pradhan et

al.(1995)[50]» #* &+ =R HF =7 Pl 7 ZF)j 2 W2 LF §
JrE e 7 IR FIE A T R R ()i T BNk T 2 B e e R 3R
Beod B RS EIVHORBRILARS S B ERTEAR MO B ¢ el 7 F AR S
B AR ) o

Lee et al.(2011)[S51]# * 3 1 .o 8K § 2 Farfor) 2 R & A3
B o AN IR e B R K S e d <2 (bender element) 0 3T iES IE AR
PR {7 2 3T 4 4 i# (shear wave velocity) sl £ P > H E% R Bk B

WeBI230%7 o ISR T ML RS SRR B 2 BT B RS
VO S E I UK () e 0 B A L TR AR S o TR A 58
FAFH N T4 3 R TR T E R 2 BT o]

2.31%75%

Kostadinov and Towhata (2002)[52]% & 4 B % 58 4 & {* F-n 507 i
By Rk E o 1% mPF g & # 4% (short-time Fourier transform, STFT):&
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{7 PFAR A 47 (time-frequency analysis) » 1247343 & X B & Ju2 T 0@ AR
(mean instantaneous frequency, MIF)% i* o 2% 87 & Fht Akt g 4 18
Hp 2 Tioppidp X0 PR KT 1 Hz v > B 2.32 5 1987 & £ |
Superpostion Hills 3 & & Wildlife & 4%2_ 4cif & ~ i# & 82 T 3O iig 5 2
B P51 % % o Kramer et al. (2011)[53]4 %] ¢ * @pF § fI L 4 ~ -] A
$& (wavelet transform) % S ## 3% (Stockwell transform) & FFHE = 2 & 73 Bk
R R ORI Rk o B S H A F AR B AR S B R g oP BT %
T AR FE R FL R L F LA MR R S A A o

}‘@51} TR ArIR o

2.6.2 17 2 FHATHAP MR

Ejal*r‘]]’\”?‘#f‘-‘ﬁ/z‘%v’ # % 7}?&,,’%1 s 4 ’}gi;fﬁ‘/)é\'m%ﬁ’ N
CRRAPMRRE A S o~ SR ARG R 2 T2

@
ﬁ)
¥
zr
&
=
W
"
-ﬁ

| (2016)[54]% $48i52 — @ . HfHFKE
Ah S FTEFRTERFLLIIBRBIZ R B EF G RA 7 FTR
ZABEBRPEAS R B2 E AP iE Y TR R E
2R TR B RRTITEL SN .

G T R AR R R (2001)[55]¢ iR 12 K 2T Sl 35
o B L BRI RS T AT AT AR D ARG
(1996)[56] TsE BeAfim > F « FjEE-V W RKFHZE2 P 2 EAF ¢
(1988)[57] T A A MR W44 | ¢ § 2K 3 F 2HATH Gdicd o 4e
2238 224557 o fRRKZ A FEHL D FRRATR AR LB 4

T',Léf»i%gg’\ i:’i"%/; I‘— o

A T Q4w B R R (2011)[58]% % 11.1.4 & 3 3F S84
R k2 R g2 R F SR SR P A E RS € (1996) T R T
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\\?{r

PV mRE S 2R 2 SR TR TP g
TS EGEE GRS Bk A TS R RS Sk PR AT
BYATEL B AR R R EDERALERET P AT AT E(1988) T2 A
AAaR P4 s ) P 2R IR R AR R R
SFREEIN EP ARFHEOTR O S TR R
FB2 AT GBS G ] AR s dep AR
wri kO S BATR hld R1996 KA HLEE L 0 drk 25907 o H A R R
FIEd T E AR FE L OF LB S E )RR RO T AR
CIE AR ARG ] 0 FIt A S AP ERFRAEe R T S N
Pt BN S ERET P ARG RPEFART AP ARFT AR
F2 2 FBATR BB RIpFUR T D Gic(FL)E R FIRR FE S RE Lo
Bl 3.23 5 Hoaacd & A 4810t L@k T 0 P AE R ERL
BB FuR i > GB(FL)E R AZFEI KR Y ()b R - WP
Bt FL=1pF> T3, % 9% 050 mETimr=1> B FL=0.60 F| » &
RO R 2k 4SBT GBI SR TR R R L %
PRI E N AT A e R T k> Gk
AT DA REEAT G P2 RE v B ST

FEFIE 0 307 #d I
é

t 1990[59]4% 4.4
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#2.1 3R ERIEHF L2 12 ¢ ik C[45]

KR MEEHE s (m) i3 1t %k G
s <50 1.0
50 <5 <100 0.5
100< s 0

222 a2 P onde 4 B0 thdic Cu[45]

e 1 B dn i Py i i ik Ca
P <5 0

5<PL<20 (0.2P.-1)/3
20< PL 1

323 P AEE P 2 T A EATR Gk De[54]

VL b Ze 15 | M F e T EHZWITEARE D,
F, z R<03 03<R
- < 0 1/6
F,<1/3 0<=z<10 5
10<=z<20 1/3 1/3
-< 1/3 2/3
1/3<F,<2/3 052510
10<=<20 2/3 2/3
1< =< 2/3 1
23k, «1 S
10<=<20 1 1

ab @ R B IK G% BLAR G150 P 15 o2 b s Bl b ny ) o8 L
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2240 AERF ¢ Hgp2 3 F S BATR ¥k De [54]

#2572 PR A2 P AEER: € R

PUk b (R | R T % + 8 2 W T AR B Dy

F, . N, <10 [I0SN, <20 | 20<N,
gz< 0 0.05 0.1

F, <05 e
10<=<20 0 0.1 0.2
<-< 0 0.1 0.2

0.5< F, 0.75 0=z<10
10<z<20 | 0.05 0.2 0.5
<-< 0.05 0.2 0.5
0.75< F, 1.0 0=z=10 > ’
10<z<20 | 0.1 0.5 1.0

£t .
ml. *

”

~

N, 15 4 3% B0 51 50 P73 .2 1 B Bk Vi

B 5Bt T BDe R

JRA code(1990) JRA code(1996)
D
PRt E 2l | B A TIRER Bl pupnx ot | #457ER De
FL Z(m) FL Z(m) R<0.3 | 0.3<R
0 0 1/6
0<z<10 0<z<10
FL<0.6 1/3 FL<1/3 1/3 1/3
10< 2 <20 10< z <20
13 13
0<z<10 0< 7 <10 213
0.6< F. <0.8 1/3< Fu <2/3 3
10< z <20 213 10< z <20 213
213 213 213
0<z<10 0<z<I10
0.8< FL <1 1 2/3< FL <1 1 1
10< z <20 10< z <20
ITRIE A ;’4‘*&#?% S UEEEE: £ b AUR U S
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Critical

Gy | Void i
ratio d
Dense Dense
/ Loose
' € €c €p
Strain Void Ratio

Bl 2.1 =% 34 4t & 4R (Casagrande, 1936)[1]

JaRIERE T R
B ECRA

MESfrd

TREEEEK

“..‘.-'."-"--'":“".'. R /‘E’ BN

O
B 22 AR IIR U7 AB(MIE - MRSE, 2014)[4]
_ Bending Ground
Inertial Force /I\-‘loment |'79“E|_F0r99 Displacement
: =TT = M T~ 9d97aY =
AV EVE EE L A E
{ 1 [ | 1
1) During shaking II) During shaking II!-a) Besidusl ground "_l'b} Lateczl Nonrd
ithout liquefacti A —— displacement after displacement after
without liquefaction after liquefaction earthauake carthauake
B 2.3 & i 2 3m-FR A A ORI F T o7 % B (Tokimatsu and Asaka
1998 ) [5]
25
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S .- i i B '

TTTTAVT777A V77777
TITTTAVITITAVTT777
Loss of pile capacity Failure due to shear Settlement of adjacent Failure due to lateral

spreading
W i =
‘0 ¢
(777777777 7777777

|

y777777 i
Loss of pile capacity 8 Failure due to overtuming  Failure due to transient Failure due to lateral
lateral spreading moment ground deformation spreading

B 2.4 i 2 3P A A4 (Tokimatsu et al., 1996 ) [8]

B 2.5 #t.o B0 R ¢ # R BL /% (Bhattacharya, 2003)[9]
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200

! ! © ¢ Servo accelerometer
] O Q Displacement meter
¥V  Piezometer
b3 . Strain gage
e i Lhaad) -
= [l e, — .
= 2 it = Bl
- g usv o 1 2 — - D7—¢"
— = = [1] - -
- § U4V & + 4 o ='—0—D6—u:
= g Usv—e ™ ¢ - - —0-D5—""
—1 = =3 (1] =1 -~ D4—e"
f = — = =+
= g || V& 1 4 =~ > D3—¢"
— = “? 1 = ) O—m—ug‘
- [_B= uiv— 1 ‘-'—“; - : DI—&
50
374 unit: mm

Bl 2.6 W-AlHadR# - :F5% & BfAe ¥ (Yao etal., 2004)[13]
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4 Pore pressure transducer
=& Horizonta accelerometer
B Vertical accelerometer
Displacement pot
= Soil pressure transducer
* Strain gauges

(a) Section of ground surface

(Drysand)
-
Liquefied
sand layer

(d) Elevation of soil-pile-structure system

B 2.7 = AAIRED S %2 R BAcE (Tokimatsu and Suzuki, 2004 )

[14]
Superstructure
No Yes (T, <Tg) Yes (T,>T,)
DB1 DBS T,=0.06s DBL T,=07s
p=]
c
3 g £ £
el - -
o
11.6m 11.6m 11.6m
ol SB1 SBs T,=02s SBL T,=08s
&
ul
8| § § §
9 w w w
1 7 L I, oA
w 11.6m 11.6m 11.6m
T,: Natural period of superstructure T,: Natural period of ground before liquefaction

B 2.8 2 E-Fhdf-F MG HI FIF% 2 3kd &

2005) [15]

28
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e | _-QJO,
g .8 T <
o Py

S
Plan view of pile group

Superstructure— | D.E A B

-
o
w
3

Columi
Foundation. ] 1.0m

6.5m

Elevation of soil-pile-structure model

B 210 23 —#HHRAH - IV 41#s& e & (Tokimatsu and Suzuki,
2009 ) [16]
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(a) Dynanuc loading phase

Lamunar box
ul Steel pile PHC pile .
I = / S - Loading
— H H frame
= H Crust layer H
- i—F : 2
: Saturated H
s L sand .
H D=318cm =30 cm H
L = ; | ]
| Shake table
~——
| 120m
g Dynamic excitation: ay,, = 0.217 g; f=2 Hz;
& )
£3 %%
8 -0.2
2 |
= 0 10 20 30 40
Time (sec)
(b) Lateral spreading phase
Crust laver 4.1 cm/sec

Liquefied
sand
|
Horizontal L Lateral loading L
>|
acceleran?n ™ . Lateral ground
A= 00272 : : . . displacement
f=10Hz 467 68.7 Ugmax= 84 cm
L i N ' 1 N N N i 1 N . i | :
40 50 60 70
Time (sec)

B 2.11 #3448 2 Fs%k 44 (Cubrinovski et al., 2006 ) [17]
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» acceleration

= displacement

<
9.1 m loose or

st medium dense sand

-

11.4 m dense sand

® pore pressure

*+* moment bridge

. -

B 2.12 S BHEARRR & Fk &R B

% 57 2. B (Wilson et al., 1998) [18]

0 L I L ] L I T ] L] l L ' T
Nevada sand ® t=125sec
] (Dr=40%) i O t=175sec
¥ t=35sec
2 4 -
_—
E | I 1
_5 = 1.0
_g- 4 - - \ -
= @) \ O
o o -4 = -
» \
6 \
r // Slightly B 7
cemented sand
8 I 1 l L i 1 l 1 l 1 I L l 1
0 50 100 150 0 20 40 60 80
Moment (kN-m) Excess pore pressure (kPa)

B 2.13 & %Ee g d FI3LHORBRYER A~ T (Abdoun etal., 2003 ) [21]
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= : Accelerometers
® : Pore Pressure Transducers

? =+ LVDT
a1 1: Strain Gages
Section D1
. _5450 2z -
H P1 :; G171 ACT = H
S P2 .. $G2 AC2 gng | ayer £
= pa—t4, .J G3 AC3 s
E P4 Sl G4 AC4 g
H PS5 J G5 ACS H
: 5800 P b G6 AC6 :
b P7 od hG7 ACT H
g P8 o 4pGE Acs H
H P9 oy G9 AC® :
P10 .J b G 10 ACT0 H
H P11 G 11 ACT H aro
2 L Bl s H .
Shaking Table ¢—|- Shaking Direction |
|
Plan i
1
PHCPle—pO | O T T
—J ST 2,500 1100
o1 j Si-611
e e |
1 1
L_ T
2,500 —™
|1,o°fu »

B 2.14 o WA RS S % e E v & B (Kagawaetal, 2004) [22]

ERERASE
0.9 mBEEMERE h h
0= i A 38 & 44 A g 5054
4792 54 F
b4 * O . 0 e
3 SN . i e
? =% ™
9-", . F 'y ﬁ-lﬁ 16'.
= i
FrIH 857+
* KB 3 x 3 BfE
A IRIERL
EEBIR (m)
0.0 30
1.0 30
B 2.15 "BIF Il IRE 1t 2o b B A H P £ 3% (L % Rollinsetal,
2005)[24]
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B 216 RZRETD &R

1.5

1.0

0.5

0.0

- = B\
A 3 FBSE % 1 3B fie B (Chang et al,, 2010)[25]

p (KN/m)

-05-

-1.0-

IS

Bl 2.17 7 3t KR

BT > p-y & A% (L (Chang et al., 2010)[25]
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F=M x max ground
surface acceleration

W—l
\ Nonlinear springs based on the degraded

soil shear modulus

Max ground displacement profile from the
ground response analysis

18] 2.18 #%#* ik Bean on Winkler Foundation #-%] % %. Bl (Liyanapathirana and
Poulos, 2005)[28]
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Drag

< . .
Plastic Elastic
o Mo AW
Closure
(a) 818 g 1 3 py ~ & B
1.0 T T
a oot Lj 1 F -
o
L Drag - - Plastic -
spring spring
-1.0 ' : ' :
-0.1 0.0 0.1 -0.1 0.0 0.1
y9 yP
10 T |
g oof 41 -
=
- Closure - - Combined -
spring spring
-1.0 L ' ' :
-0.1 0.0 0.1 -0.1 0.0 0.1
y? Y

i8] 2.19 BNWF 2t

RpEE iR py ~FFN
1999)[29]
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AT AT

FikiLtE it

Fs>1

B
Y
AFsaie | [ shE st
WAE a4 Fi BN 7 id
A FHAR?
Fs<l
¥
. o A RALER
An KA T | - R B

it R
EE. T

v

> | BB & SR

BE SCa I

L)

W 2.20 4 3% S A A 45 55 42 [45)
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)

Fs> 1

B AEARAL?

Fs<1

R RAC R
X T ATk

WA F AN

l

R4 TRA &,
ROV EYE |

SRS B R, faded

Tokimatsu#t &

A

ARNT FA% X AT
EX LR

A

R R

"

L%

.
Y

Bl 2.21 4% % AAIEFE A A A7 AR [45]
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SLKEEEREREE < 100m

=, B

g i N
-
/ \
o o bl
B 2.22 "R BB A2 L % fp-K a2 FE4E(JRA, 1996) [46]
*-_ﬂ_7-
Ty
H q
LR " F’J I\} Ee
BEER
FHEh 1L, it E H, a
ped i
TR semttR
Z &
0. o 0

B 2.23 nds 4 3-8 58 (JRA, 1996)[46]
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OF :
Q_ 9§t ot

k,B{y-f(z)} k,B(f(2)-y}
p (b) ©
y__ d*
El s = kB EI 3 = kBU/ ()~ )

Bl 2.24 ¥ # 2 5 % ##F LA 192 7 2 B (Tokimatsu, 2003)[47]

06 r T T —

Tyg=4% 2% 1% 05%

05 |- ;

7w

04 +

Tl

1

I

1

I

I

1

!

!

03 ]
]

02

Bt -

0.1

fE1E %2 SPT-Nf# * Na
B 2.25 ¥ EPd* 2 F B3 /% (Tokimatsu, 2003)[47]

1
e Y —
D, Dix)
0.8 7 I
[=§ =
5 08 1
2
X 04| " k »
g
¥ | DXXWD,, S(172)"%
0 1 I L 1
0 0.2 0.4 0.8 0.8 1
MERIEN, L

B 2.26 -K¥E AR e 45K T 45 B (% (Tokimatsu, 2003)[47]
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rrsrw “rrssriiss

M &% AKEE 2
LIERL

3

(s =)

B 2.27 E¥57T % A (1981)1% * 2 22k % [48]

1.0
0.8
3
A
B8
g: 0.6
X,
8
g‘: 04
X
0.2
0.0 —
00
B 2.28 I it
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Iy

(a)ga =0.5%

0.6

(E/Eg),

0.2 0.4 0.6 0.8 1

(b) €a = 1%

B 2.29 FEUAPE 2 A 39% 0 /&R 98kPa FF » # o 3L AR R & 2 2
ALY I R R 4l 2 BE TR ([49)

127 (1016

LVDT2

Is0g

127 (10.16

LVDTI

60 (4.8

60 (4.8)

60 (4.8)

60 (4.8)

60 (4.8)

h

AT™

A2=QPS

A= OP6

AlmOPT

Almgl4

ASemp I'S

)

- BEL

— BE2

— B3

- RE4

300 (24) K3

300(24)
353 (28 )

355(284)

355 (28.4)

711 (56.8)

80 Hz ( 1 Hz)

= Accelerometer

e Pore water pressure transducer

l Linear variable differential transformer

= Pair of bender elements

v

Unit: mm (m)
Model Prototype

Bl 2.30 4 fop) £ Jeds o Hro 0T R SR &R B A B [51]
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B —— ER=(1-1,)"% <
Testd-E3 (during shaking) [ 9
Testd-E3 (after shaking)

Testd-E2 (during shaking) b
Test4-E2 (after shaking)

Test3-E2 (during shaking)

Test3-E2 (after shaking)

0.4

Evolution ratio, ER

0.2 A

0 r>e0

0'0 L 1 1 1 - L 1 L 1 : L 1 1 1 : '} 1 1 L : L 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Excess pore water pressure ratio, r,

B 2.31 F 3T 4 g 0 2RI ITR F1F (ER) ¥ 3L KRR L 2 B 4 [51]

Wildlife GL, NS Component
1987 Superstition Hills Earthquake

%@ 200t
€
S 100}
c
£ o0
c
% -100t
g 200t ) ! PGA=201.2 cm/s”
0 10 20 30 40
50 : - ,
@ PGV =305 cmis
g
2
(53
=]
<
-50 .
0 10 20 30 40
20
£15 g =08 Hz
o
g0
5
0 =
0 10 20 30 40

Time, s
B 2.32 % it FuF P2+ BAPFE T opprdE 5 % ¢ (Kostadinov and

Towhata, 2002)[52]
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i - i i 1 .
O'OOD- o5 - . . . 10 ..

Lue AU/OV
B 233 p Mg Bas § 202 2 FuR it % 2 T dlic(F) B AQFE T KR 2 B
o (EEAc T % A, 1981)[48]
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¥ = ?‘i‘. Ej?‘fr'l?):_‘ ¢ i Ml

AFARASERI P BAIGRERE SE% P F e TRE CFERAR
Bl REEREA CFHMER - RERE NI FRIES o RkF CFRMNF
Zok Ty Ea AR EEARRE L% %A 0 J1F 1 g~ A5 ZEA R
% (physical model test) HifFd BV iR it BHEX BT E > MEFEH
et Y B I HTEE FIREICHABREF A RFEDRITRE

ES

3.1 & o F%R RS

AEEE R TEATE 4 (Q00D[601F B nt A S S KT g iE LR
B AR S foda PR Y > R MR RO AT ¢
Sz e B A ARE SR ERE KR BT IR Y BRARL BF B

é%%%%ﬁﬁﬂ%ﬁifw%ﬁ%%uw&éﬁgx L iF N e
ERRRE ARG D ARTEART IR N HET LR ko
Foho A3 RIFRALED RAER 12 A e R ERIABRR
2 F o R B $OY 3 BB A s b BB IVHOKRF R0 (7 i
FER > M ELEr B IRERZBEF BTAL -

BT RTRR S EREA LRI BRARTY DR kR L FE %
PERE KT H AR SRk S @ R AR PHCARIR D £
oo A1  RERE LY HERERT RARE kP AR e
FEAIBTEINRLELTE ~H I HRR I RE G  JREOIE S S
AR R B FIR AR MR LR RRTH T R R
ARV 3 ﬁ;j];év\‘%’?/z‘ REHRLSEL T I RBEHERLF 88 1 38
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FJ’k%ﬁﬁﬁﬁ"”%L@J%“ﬁﬁﬁ%'Eﬁéﬁ*ﬁﬁ*@
R S AR A MO R AL R
AA# A4 75 F & (inertial and kinematic force ) 5 (2)3Y F4 - K B i 22 0 4T
HIRE-BAA B HIAEFZ 2R Q) ERFTHBRAAIR

FRZBEE -

32 PHAALFHER

3.2.1 ¥ EHRES 5

B 7 &1 424 7 ¢ < (National Center for Research on Earthquake
Engeineering, NCREE)Z_ ¥ ZH T % 35 - &> Bpd R+ B
Prde o BT L0 SSmxSmo A FFREL S 5006 0 T O

FERF D BER IRk L RRAEZBENRRBEE N RR

F - ghed v L RO BArgrd] > Z e A E L L RE B A SEEH FHE
B £3.15 F&D *ﬁf})‘ﬁﬁb? Lo NPT K- H ) Lbiﬁﬁ?r"t’m#ﬁﬁqﬁﬂ

Rl 38 7R B AR SRR R

322 b S KT 4 BR g

OWERWAAREE NG R R SR D - RRE KK
HES T RES RIS Jer o SR SR S S -
- S R R E Py S AR T F
TR R B A kT AT SRR o Tk gD
AR RIEEET A kA g B3 4ol 31 T o RS RE S
A (2001)[60]F it~ HFEHE T A e Eh gz A5 K T4
g o LB EE- REFAKT S dER2 A AR E > AT LN R
£k E o R FHARER &%

e SN

\441-
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B 32 5 fdh 5 AT 4 A LR AW 0 5 0% RORORT 2K
£HRARE TR A D AL RHA S R R T R g
YRIMER L EEPIEF R LA LT FR D - mp i
e arie A > LR ENEE L AR Y o B R M
BNy EApT @ LR MRS RlE b2 BT  MEF
PP EAR N A Y S e iR A AT - 3 e LR PSR
PEOCER EESE S R 3N i AR b G
Aot pohAF SRR 2 B A ar @ BT 2 4 AR (1.88 m x 1.88 m X
1.52m) wd @%@y v RFAL X o2 Y v Fhhe gz
BEHALFRRT G PR R I e REHEE B BEA §350 00 4

A g2k FE PN ERG R IR

7

FrERE L 2 mm ZF REE
el EFHMZ X RF S o

FHAA e AT RRE Y WUTERRE ST 2R
BRI TP ERL > 3L NCREE-01-011 T~ Al3ré 53 4 £ 4 3%
it (1) —xAl-ad 4 g2 78 ) FF375 £,2001)[60] -

SORAAAT S £F I EMEY > FIFITE £ (2001)[60]5 B - X
AN+ FRHEFEAMEY - FHHALBY A G2 BING o 4oB)
3.3

tid sk T gi:rzrf:x @R aw A FREALEINE ~ 0 F a0
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BAMEE 2303 9T BB P HET VL IS mm 2§ IR
B o TSN SIENT IAE AR PR EWN IS T A
FARKEPN oA AFTEL RS w K ERTHES S Bk T HTIES 70
mm- HILP X} 5 476mm(4 FLiF) T ¥ R E 4 45 B oo B35

RRATERTEHINT S RERLP 2T

3.2.4 ‘fvﬁ‘ﬁ" LB BRI RE

d W HEF AP R RBRTT LA NMPE B 0 TUREKRE - AR
TR TR 2 ERRBIFRL L TR s N FFEwY
?ié‘ﬁ&%iﬁﬁé\#%ﬂ Toom PR RS ERIRBORE R FERR
v gy MaEaIt e o
hET R TR TR G R R R AR Y e BT
FATEREZ 1 OF sods i FTRFEE & 2> G Pacific Instruments 2 7
BB A S E P S ahie i TR h A B T T
31024 BAEE o F BAEE FHF RS T E 16 A BX TR

?
A

‘ﬂq\-

\&ﬂb g

A =
LT

=\
23

/|

% 1 MHz » & %4& 27 3 - £ B+ 7 % % (National Aeronautics and
Space Administration, NASA)15 i f ~ 7 4 {7 ¢ «~ (Marshall Space Flight
Center)~» $#* b ;[T AP Lo m P o R R R AR T 7 o A7
BB LAV Y 2 AFE P B F V£ 256 B o
Rk s o 277 * TRIRE N L4oT ¢
1. B-RAR %3 #* Tokyo Sokki Kenkyujo = @ (TML)#74 & 2_ % % 3|
- (foil type)z. I /K s 835 1 BRI d B B A5 Bt
T 4o FeR R F 4155 WFLA-3-350-23 2 Bk Al %3 o fie & 33
P FEMRS 2R RHS O BEEALS 3mme RIES 350 ®&
# o kS EREFF : 30000 ok % (ustrain) 4] 3.6 7T o
2. McAl4eid R D 2R PCB 2 7 914 A ol R AL 4o i B AR 1
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BRI L BT A M2 B RF o HAISLE W352C65 7 £ 0.5
Hz~12 kKHz 48 5 N 2. F J& > 4o @) 3.7 #777 °

3. MAIRERZEY B R Druck o @ 972 A AR R L PIE I
kB4 i 24155 PDCR8L ¥ ik 3 FuE* 2 R R A 3%
F* BSR4 L 350 mbar 2 KRR 0 4B 3.8 BT o

4, = #3H(LDT) : $ * MTS Temposonics II Rod Style = # 3+ & B #578 £2 &
kidmte a2 e B EX&Y) ¥ 3% T FHE L BHRFFD
AFEEET FRETE 0.0l mm o 4B 3.9 fro7 o

5. 48 £ B Bl 5 (Coupled Sensor): % & 56 4 B 38 % & %42(2010)[25]%43% 3+
B BMH R Z RN e e B AT R R H AR
B4 F RS Ao 300 S o HARAEE < (£ 120mo B 55 24)
AT HRELENHABRXEY S 2 o2 Fa B RREL A o
Be 1 KRR A L2 K o

6. HrAR 4 3+ (Tactile sensor) : 5 7 e 3% 2 &
Ao B REREERARES > B 301 AT e

7. 7 3% 245 2+ (ShapeAccelArray) @ @ 4c £ * Measureand = @ #7F 3 2.

=E

AR 4 BRI R B ARRE S

b

]ﬁﬁ /leiqgg ’ PJ"J’&V\ :{”’Fh ’ ‘;‘(\-"@ 3.12 MT'T ° ‘H-Q‘—E)si”%{_p‘ IE’»
S RN AR HEARETV I R AR HTEET S - K
BT L c AL L RABRPIEEIE2Z BT L e

3.25 BRI BB R 3 EMEF

AFTHAR T2 ERET R (DAKRE LR G Ui o f
FE R ORERARL S FRH T REIEF 4 RET QRS
Bl (M HaE | &2 g BE) g2 2 2 R HFDPHEH > 4o
A BRAEY S AR BERHET AT FH T EAABEHN TR
PRABZRRF B AR R E RS EE R ud A B E

-
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R ECL > Fl AP EREE SR RREFR ST LR B

£ 1600 mm > /= 101.6mm » & E=% 3mm > $d B4 5 75kN-m? > £ H

B F Ao d 3.2 957
%Piiﬁfﬁé@frmf‘%gﬁ%%?%@&%%ﬁ@@ﬁﬁ

20 T AR AR > WA AU B RS R E AT 4 £ RIVE

BABT »FEL D E R R R 2R RS AR AR TR

PR L SR E AR L BT B33 S AR
P IR ARERREMEUE T EIRBE LA AT 2 LR

!

BEFAEPEM IO 2 B B ERK 2R ITLRERY ) A
wod AR E f#ﬂ‘%ﬁ—’;}i’?‘&r—f B 3142 4 33 %7 od PUEA T d AL F T
TR F) 2 353 & pe (Uniform Graded ) - & PRS- 3 3 & 3 A 8% ) 2
B33 amperyd (SP) » 2 29 pid chdo] & B x b o w1
ASTM D4253 Method 1B(wet method)% ASTM D4254 Method A #1318
ARk 2 or) 3 ERE G 2 2 8 4% Uengetal. (2006)[61]iF 2 47
TR 3 T S FEHREHET F RSN AR F E R E 2 (wet
sedimentation method)# # 4 {rF) 2 :#48 o JBRiw'd 2 § AL AT 4 £¢ 73k 3
-IFEARRCRBREHIAFHE AT EITA £¢ 0 AT TERY ke -
EORFAMG P o FRAMEE A PRI B A
PIM G RA 2 pfeR - dp 2393 RO 2 RRRIAN T @B =
@ﬂ”@%%ﬁ%l%#i%%éﬁ%%D B~ AR 2 R R gt
T L A TITE A GuE 4R 2 (2003)[62] ¢

3.3 kF i Y HARERD %

KT BERCARRS SRR AR R E AEOT RS RN S
ﬂ%%@@*%%ﬁéwiﬁﬁ’fﬁﬁﬁﬁﬁiﬁiﬂiﬁéyﬁﬁﬁ
F L AR KT R G SRR R AT 0 B35 o &
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RS R E R A A 328 4 1T R R S
LRERE HREEN G -

331 BRI RERE

el @%%*ﬁ%ﬂﬁ@%’%B%J%%%mif@gaﬁ%
Hemd RXREHRR e M BER S B R R I RZAZFFIT
KR EF R SRR T B FY > AR BARELRT A LA By
HAM S RA
AHCARE R R BARY L o oB3.16%T7 0 fEAl4ERRD T oA 3100
mm3 1450 mmfF > =+ B3 B(FiELZ 150mm)2 % ¢ & ZLpES 127K
AR REPEL ERTT 0 22 e 2 BT RYLE B AR A 3407
T MRS AEA R M B ARPRRLEE R
AR 45 R & ﬁfﬁwp ESS mmiflt s 3 BLA A Tt o gRat i
EHEFETRF €332 A E FVES TR BN ITREL RS
B2 SR FIMENRBREEREI I T L AR E A RB R
MR e RREMAIRA P E Gl E R ERA R P2 R4
IREBFUAOREFREAS S FRETEFEFHP AL AR E PN
et EFXYA e AR R e AR kX IR E
5 B(Ac13.17)0 4 ARAE R IR T 2 B Y KRR e
BRI LRSI R A Hr2 R R8I KR R D)
Hpe ¥ 4oR3.16 -

Wi

T oo

RN SRR GREATL P LE NARE T AL AR% L
Bk REE SeiE B R A WA SRL|ER 2 B F oo FEpE g 2
FARD SRSk o M) AT LRSI RN R L o AF %

o iish w0 KRIIOF K T RIE R NAREE BB RG T =R o

B

a

2P R ARMEA R R TR AE R 0 &
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HE R B SRR

332 #&EPM ¥

BAl IR S 4 5 2 RE KR 3R 2 P2 ¢ Al
Feds S E 2300 0 Ao B384 7 o AR TATT 4 £ AINIUE
RAF r HEATEENRIRRLLRE B FEY AR AER
R TR NFEHI R MBI LN AR RS BT

Bz akd o250 BARLFLFEE AR NP E@2
XHRF B FI T2 RN ¢ 352 480 (1) ¢ R4 # (white noise
shaking) > (2) f§ ¥ 4 #& # (sinusoidal shaking) » (3) & § » & % 4k (true
earthquake records) ° w o] Pt b i o

R? BCARRE S ERAS T HEH D P BRI RR IS F 5T
T HRE & ﬁs«] » PR N G AR = BEHCES e

B2 ¢ HOARRIRS o~ R L LR - MaRE O FRRFC- &
Frd o A A IRt M F B2 PR R R B R A
whk o AN IRgIRE 0 LA X IRtgIRES o K,lrt U TR TR AR =3 A 2 A
ARHE T A IRGRS BRSSP T RY ) Rg2 9 sk (white
noise) #r#+ > MENB|EH T (& ABER I FM R FH T o F N IRE R
PERRARIREPN MEXE Y et B BB S P 2 KR4 LR by
R oo JrBs B 1S 1 MR RRE 2 Se sk MBLIPIIC KR 20 B3R Y 4
fFajem®s p R TREDLEER K EHR R NEIHIAGEE
PR DRL o B39 cr ¢ BALERRIRD SRR T o

KT BRCAIRIRS Sk D v R 4K % B P R - X E&R
%ﬁ?é%%%’ﬂ&ﬁﬁﬁ+’#ﬁﬁéﬁfﬁ@ipiﬁnﬁ%oﬁ
BA4EE 2 817 1 30385k > HE%W P 24R0HR 7)3 £3.5~3.10
AFTE R FRH L RERTOFE T AT o
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3.4 MMy 7 HAIBRIRE LR
AR GHARIRS SRR AT R AR AR L2 AT
TR AR R G2 e B RACRIRE & LR T A 2
VEB RO B RS P SX2 5o doB3.2097 7 o BRI AT B 4 F T
4 & K IR l/ﬁ_ﬁéﬁﬁ I R a2 K 2 2k Y TR
R H(226.14 k) HR D B HP EHABL RS BB
3RGEMA 0 AR T R FIROMES & Y e

FHER > Bt EMgr i e rde ®]iT REMHT A

W

o

A

T AR & R o

AFET P AR GRS S B%RB V- BRI FEHMEA
RN S LR H A e Hpho kB AT 4 RHRET Fhhe E
Bo2 ] 0 BT A ulIE grs;n;gﬁ T 2t AR A B FR YA
B2 TEH enfigee > FRAH 7 AR b FEIRIE F* R A#HZL 75 ¢

BT 2RER 2R~ BEAHR S 328 A R T R AL sk K
BR R 2% 7 e

341 BRI RERE

A EHA RS S RRDRFRE S LT FRE SRR
A RAPR A B A L ARG 2 R A L 0 o321 3224 F o HA]

GEHRERIRBL BAp b h3 RALRES $H KA BRI ($400) 1 B R E
BRF o DAt b 3R ERME S B b el bl B ARE 7R 4
#RFEER o A-B3.234057 o

Bt IEERE R RIE R BN AR e d F T A A
ML OKRPES B e BRI BRI HITE P 2
JRF BRI REE ) eBIB216TT o RS Bk E P e
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PEFXYA G p L B E R E e AR R SRR E
B 4ef3.02 & bk qRB AT AL R RTORT R R R

}4Ebl'/t’]\m'r|£,_o

342 %P 3

b SEBRA R AL AL ARG AR T RECARIRS %
£ A& for) 2 7 A feRs o T A & 13438 5 18 9k 5 (forced vibration) £
B o J& & (free vibration) 7 2 -7 ?‘sﬁ‘h T T ER k2 plRts 0 £

EF AL R T IR - R RO e 79 HRIIR B

“mj:
{

(white noise vibration) ~ ¥ #7 f§ 24 3% # (sinusoidal vibration) ~ 11 2 E F = &
3o d5(earthquake record)= f& > | A% WL E 2 FHA S w2 Hdhw R o
ARGEMPRL EFT Fe E A e 2 Hdhwird ; L1 JRMgHRE > 1
fe A JRIEIRE o F X EER Y BRI RIFRP MHEX Y e deid R BB

Pl 0 BRE A E RN E AKITEIopd B0 RERZ IR
VR RF fb o R R 1S o (KR 2 2edk > TUELIBITY HK R 2
BEYIF G omts AEIFBFDEER ke ERG 3R NERRD
AR EFM B R DET o« 3245 AR GHAIGBREE N for 4 2
P2 RE L EER A o

Ay Gird DB P v RS 1=tk E L% HRRIE P BiRE T

SCRIAPT A 30112 £3.12 0

35 ‘ﬂ:kl% /H‘ﬁi ﬁ J# .j-

35.1 R ER 1 1T

WHRT S PRERRE P FRRFIXGRAIAEE o LT A
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BEAEHFIIENF

. B% LR I BRARAE X RHRIBE R LT Ij'l_z AT fe
d g BB R RE R R AR RERE i 2
BB E N ANE o BAWE KRR L S e AE VORI E  AE RE%
gHREFER -

2. B ORSHER  FAFRERE KRR FRAEF R R K
MARERE R R o RS WK B Y B AERLisiik
WREGALRIEE 24 P UIERER £ K B EIE LR PR
B e RS - dhe kb S 2 # o MR

3. R RERR CRBAXERATR Y LI RES MRS N D
FoLasgrpReaRz RFLraEsany o

4. BRI PR TR D ER I RAMNETREK SRR ELT R B
SBE R REKRE IV EEKE

352 W E & in AT

Lo #3322kl ERRESE ERIABRERNT I EFBETE
Pl B EET AR 330 SR GREEEFH AL 0 B
ABRGANT S LA ARA kT RE o R AR ERRE
2 B BB AL (T o

2. AR VAR R BEK A FRERT I 4 bR R E PN IR R
Bhvig B2 ER 0 TR ENERRL T L X REBNE
Rz FI o

3. WBREXE D ARE S AEAPRICE S U R RE
WP ERE L2 T B RRERE I RE S B R4 U

Ezad

&)

o

.L‘.E
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-~
i\
=
il
S5
5\4
r‘ ia:

EREFTY g HER REER  DARERER

AkIRREY CERHPI BN IIR O NHpHL AT ER
4 22

FiEBE-RE2 o8 o FERRY T2 A KE 'ﬁ"j/%”}‘/l)‘;é"%;'
ﬁc‘ °
Fip2 Rt RpRpIIPARENT R > REHL L TEEHE

[
AR OMBRCRFENIFRABDDIR G F Ao A UE FRF
AR EERY L RFEAMIEREY S O RpH D
FPRERENO T EEL
FEAE I RGAAs I IRP CRERE%R PP FWITEE 24 )
o M E D ef Tk i 0 T Sk A 1 P16 BB AR 0 3

o

FRMTOE L B g AR Ry o
BT RN ARMER RS kR L2 BT ?
%J%?ﬁiﬁﬁ’ﬁﬁﬁiQ?L?&aWa$ﬁf?ﬂ had

EERRE o

353 ## - FSk

KBRS GG MR K E KT L AR RE
F AR iEAR Y ) RS

BRIREA LR BF R RRT TR R RES N RR A
PR T 7 RS 5k R
SRAC

o

=

RS RRRREL RS SR% B R T £ 4 3697
Bl 01 — RSB A R SRR S 1 R SRR AT
HAR AR R AR (S L BRI 16 8RR ko
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5 AR R R 2 Ry o
354 R S H R 2 18 AR

1 BMER A kFREHBa e o #T £ R ERR T JIF T AR
Be§ RIRepoR G STk 0 d R RSN 0 9F 24
PEF A e R R 2 B EFFEYERRE ;‘%“ﬁil/&i L

2 FEPE I BET EARRIREOKSEN 16 85 420 17 R (SR

ME ARz P L RBIFAR DB AEEE R LHE T3mme
ERYH S 170 mm) > o4 2 NG F PR 0 ¥ F missrE i B A2 o
BREIFHREFEFI B RAR R BN A NPT -

30OFEA RAR&KE A RAGE I EFME FEERRE L

o AR 2 BAT kB SRR X R S B 2 2 e

Wi’ﬁﬁéﬁiﬁﬁiﬁﬁa’ﬁHWWﬁﬁéﬁﬁwﬁ@ﬁiﬁi
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431 FPe RIAEATE P GRS 2 2 RS s

E/23 S 5mx5m
B E 50 ton
pd A 6
B Avig B 2¢
B iR 1000 mm/s
Bt H +250 mm
5 B0 4 1 ~50 Hz
232 Bt AT
H o oz E R £ B o bR
(Do) (t) L) (ED)
(mm) (mm) (mm) (kN-m?)
48 & & (6063TS) 101.6 3 1600 75

%33 Ak FREHZAMFEMER

Ay 4
s % i
e ;
g 2.65
Do 0.21 mm
Do 0.32 mm
Cu 1.52
Cmax 0.882~0.918
Smin 0.560~0.631
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%34 FoRAI RS Y 2 G R A

% 42 (mm) T %3 g
(4 Bk 5 42) —y +x +y —Xx
1450 PS1-1 PS2-1 PS3-1 PS4-1
1300 PS1-2 PS2-2 PS3-2 PS4-2
1150 PS1-3 PS2-3 PS3-3 PS4-3
1000 PS1-4 PS2-4 PS3-4 PS4-4
850 PS1-5 PS2-5 PS3-5 PS4-5
700 PS1-6 PS2-6 PS3-6 PS4-6
550 PS1-7 PS2-7 PS3-7 PS4-7
400 PS1-8 PS2-8 PS3-8 PS4-8
250 PS1-9 PS2-9 PS3-9 PS4-9

100 PS1-10 PS2-10 PS3-10 PS4-10
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£3.52008£7 7 » kT4 4 B H BdR S 5 32 % (LPB)IE B 5

X Direction ( NS) Y Direction ( EW ) .
Input Motion Frequency Amax Frequency Amax —
(H2) (® (He) (® e
LPBO1(1D) White Noise (Bandwidth 60Hz) —Y 0.03 60
LPB02(1D) White Noise (Bandwidth 60Hz) —X 0.03 60
LPBO3(1D) White Noise (Bandwidth 60Hz) —Y 0.03 60
LPB 04 (1D) White Noise (Bandwidth 60Hz)—Y 0.03 60
LPBO5(1D) White Noise (Bandwidth 60Hz) —X 0.03 60
LPB 06 (1D) 24 0.03 5
LPB 07 (1D) 24 0.03
LPB 08 (2D) 24 0.03 24 0.03
LPB09 (1D) White Noise (Bandwidth 60Hz) —Y 0.03 60
LPB10(1D) White Noise (Bandwidth 60Hz) —X 0.03 60
LPB 11 (1D) 6 0.03
LPB12(1D) 6 0.03 6 0.03 5
LPB13(1D) White Noise (Bandwidth 60Hz) —Y 0.03 60
LPB 14 (1D) White Noise (Bandwidth 60Hz) — X 0.03 60
LPB15(1D) 4 0.03 10
LPB16(1D) 4 0.03 4 0.03 10
#1 Inthe two-dimensional sinusoidal shaking, there is a 90° phase difference between the input acceleration

in X and Y directions

#2  The lumped mass of 37.84 kg and 113.61 kg is added on the top of model pile before PILE09 and PILE13.
p
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£3.62008% 77 » kKT Az bedor) 3 ¢ HAIRIRS S 5% (LPSB) IR # 50

X Direction ( NS) Y Direction (EW) ;
. Duration
Input Motion Frequency Anmax Frequency Amax
(Hz) (2) (Hz) (2) &
LPBS01 (1D ) | White Noise (Bandwidth 60Hz) —Y 0.03 60
LPBS 02 (1D ) | White Noise (Bandwidth 60Hz) —X 0.03 60
LPBS 03 (1D) | White Noise (Bandwidth 60Hz) —Y 0.03 60
LPBS 04 (1D) 1 0.03 10
LPBS 05 (2D) 1 0.03 1 0.03 10
LPBS 06 (1D) 2 0.03 10
LPBS 07 (2D) 2 0.03 2 0.03 10
LPBS 08 (1D) 4 0.03 10
LPBS 09 (2D) 4 0.03 4 0.03 10
LPBS10(1D) 8 0.03 10
LPBS11(1D) 14 0.03 10
LPBS 12 (2D ) | White Noise (Bandwidth 30Hz) — XY 0.03 60
LPBS 13 (2D ) | White Noise (Bandwidth 30Hz) — XY 0.03 60
LPBS 14 (1D) 1 0.075 10
LPBS 15(2D) 1 0.075 1 0.075 10
LPBS 16 (1D ) | White Noise (Bandwidth 30Hz)—Y 0.03 60
LPBS 17 (2D ) | White Noise (Bandwidth 30Hz) — XY 0.03 60
LPBS 18 (1D ) | White Noise (Bandwidth 30Hz)—Y 0.03 60
LPBS19(1D) 1 0.03 10
LPBS20(2D) 1 0.03 1 0.03 10
LPBS21(1D) 2 0.03 10
LPBS 22 (2D) 2 0.03 2 0.03 10
LPBS 23 (1D) 4 0.03 10
LPBS 24 (2D) 4 0.03 4 0.03 10
LPBS25(1D) 8 0.03 10
LPBS 26 (1D) 14 0.03 10
LPBS 26A ( 1D) 14 0.03 10
LPBS 27 (2D ) | White Noise (Bandwidth 30Hz) — XY 0.03 60
LPBS 28 (1D) 1 0.075 10
LPBS29(2D) 1 0.075 1 0.075 10
LPBS30(1D) 2 0.075 10
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LPBS 31 (2D)

2

0.075 2

0.075

10

LPBS 32 (2D)

White Noise

(Bandwidth 30Hz) — XY

0.03

60

LPBS 33 (1D)

Chi-Chi EQ (Wu-Feng, EW)—Y » PGA scale to 0.15g

LPBS 34 (2D)

Chi-Chi EQ (Wu-Feng) — XY » PGA scale to 0.15g

LPBS35(1D) | White Noise (Bandwidth 30Hz)—Y 0.03 60
LPBS 36 (2D ) | White Noise (Bandwidth 30Hz) — XY 0.03 60
LPBS 37 (2D ) | White Noise (Bandwidth 30Hz) — XY 0.03 60
LPBS 38 (1D) 1 0.03 10
LPBS 39(2D) 1 0.03 1 0.03 10
LPBS 40 (1D) 2 0.03 10
LPBS 41 (2D) 1 0.03 1 0.03 10
LPBS 42 (2D) 2 0.03 2 0.03 10
LPBS 43 (1D) 4 0.03 10
LPBS 44 (2D) 4 0.03 4 0.03 10
LPBS45(1D) 1 0.075 10
LPBS 46 (2D) 1 0.075 1 0.075 10
LPBS 47 (1D) 2 0.075 10
LPBS 48 (2D) 2 0.075 2 0.075 10
LPBS 49 (2D ) | White Noise (Bandwidth 30Hz) — XY 0.03 60

LPBS 50 (1D)

Chi-Chi EQ (Wu-Feng, NS)—Y > PGA scale to 0.1g

LPBS 51 (2D)

Chi-Chi EQ (Wu-Feng) — XY > PGA scale to 0.1g

LPBS 52 (1D)

Kobe EQ (Port island, NS)—Y > PGA scale to 0.1g

LPBS 53 (1D)

Kobe EQ (Port island) — XY » PGA scale to 0.1g

LPBS 54 (1D) 4 0.1 10
LPBS 55 (1D) 12 0.1 10
LPBS 56 (2D ) | White Noise (Bandwidth 30Hz) — XY 0.03 60
LPBS 57 (1D) 4 0.15 10
LPBS 58 (2D ) | White Noise (Bandwidth 30Hz) — XY 0.03 60

LPBS 59 ( 1D )

Kobe EQ (Port island, NS)—Y > PGA scale to 0.25¢g

#2

In the two-dimensional sinusoidal shaking, there is a 90° phase difference between the input acceleration in

X and Y directions.

#3 The lumped mass of 37.84 kg and 226.14 kg is added on the top of model pile before Casel6 and

Case35.
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£3.72009#27 > kT p i A B IR 5 25 3R (LPC)# Hoqt

in X and Y directions.
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X Direction ( NS) Y Direction (EW) .
Input Motion Frequency Amax Frequency Amax Duration Mass
(sec) | (piece)
(Hz) ©® (Ho) )
LPC 01 (2D ) | White Noise (Bandwidth 60Hz) —X &Y 0.03 60 0
LPCO02(1D) 20 0.03 0
LPCO03(2D) 20 0.03 20 0.03 5 0
LPC04(1D) 4 0.05 10 0
LPCO05(2D) 4 0.05 4 0.05 10 0
LPCO05a(2D) 4 0.05 4 0.05 10 0
LPCO06 (1D) Chi-Chi EQ (Wu-Feng, NS)—Y > PGA scale to 0.05g 0
LPC 07 (2D ) | White Noise (Bandwidth 60Hz) —X &Y 0.03 60 1
LPCO8(1D) 6 0.03 5 1
LPC09 (2D) 6 0.03 6 0.03 5 1
LPC10(1D) 4 0.05 10 1
LPC 11 (2D) 4 0.05 4 0.05 10 1
LPC12(1D) Chi-Chi EQ (Wu-Feng, NS)—Y > PGA scale to 0.05g 1
LPC 13 (2D ) | White Noise (Bandwidth 60Hz) —X &Y 0.03 60 3
LPC14(1D) 4 0.03 10 3
LPC15(2D) 4 0.03 4 0.03 10 3
LPC16(1D) Chi-Chi EQ (Wu-Feng, NS)—Y > PGA scale to 0.05g 3
LPC 17 (2D ) | White Noise (Bandwidth 60Hz) —X &Y 0.03 60 6
LPC 17A (2D ) | White Noise (Bandwidth 60Hz) — X &Y 0.03 60 6
LPC18(1D) 4 0.03 5 6
#1  Inthe two-dimensional sinusoidal shaking, there is a 90° phase difference between the input acceleration




#3.82009#2 % » kT tefop) 4 ¢ HOA IR DS L3R5 (LPSC) IR - i3t

X Direction ( NS ) Y Direction (EW) .
Input Motion | Frequency Amax Frequency Amax s Mass
(sec) (piece)
(H2) 2 (Hz) 2)
LPSC 01 (2D ) |White Noise (Bandwidth 60Hz) —X &Y | 0.03 60
LPSC 02 (1D) 2 0.05 10
LPSC 03 (2D) 2 0.05 2 0.05 10
LPSC 04 ( 2D ) |White Noise (Bandwidth 60Hz) —X &Y | 0.03 60
LPSCO05(1D) 4 0.05 10
LPSC 06 (2D) 4 0.05 4 0.05 10
LPSC 07 (2D ) |White Noise (Bandwidth 60Hz) —X &Y | 0.03 60
LPSCO08 (1D) Chi-Chi EQ (Wu-Feng, NS)—Y > PGA scale to 0.05g
LPSC 09 (2D ) | Chi-Chi EQ (Wu-Feng, EW, NS)—X&Y » PGA scale to 0.05g
LPSC 10 (2D ) | Kobe EQ (Port Island, EW, NS)—X&Y * PGA scale to 0.05g
LPSC 11 (1D) | White Noise (Bandwidth 30Hz)—Y | 0.075 30
LPSC 12 (2D ) |White Noise (Bandwidth 60Hz) —X &Y| 0.03 60
LPSC 13 (1D) 4 0.05 10
LPSC 14 (2D) 4 0.05 4 0.05 10
LPSC15(1D) 12 0.05 10
LPSC 16 ( 2D ) |White Noise (Bandwidth 60Hz) —X &Y | 0.03 60

LPSC 17 (1D)

Chi-Chi EQ (Wu-Feng, NS)—Y » PGA scale to 0.05g

LPSC 18 (2D)

Chi-Chi EQ (Wu-Feng, EW, NS)—X&Y > PGA scale to 0.05g

LPSC 19 (2D)

Kobe EQ (Port Island, EW, NS) —X&Y ° PGA scale to 0.05g

LPSC20(1D) | White Noise (Bandwidth 60Hz)—Y 0.1 60
LPSC 21 (2D ) |White Noise (Bandwidth 60Hz) —X &Y| 0.03 60
LPSC 22 (2D ) |White Noise (Bandwidth 60Hz) —X &Y| 0.03 60
LPSC23(1D) 4 0.05 10
LPSC24 (2D) 4 0.05 4 0.05 10
LPSC25(1D) 8 0.05 10
LPSC26(1D) 12 0.05 10

LPSC27 (1D)

Chi-Chi EQ (Wu-Feng, NS)—Y > PGA scale to 0.05g

LPSC 28 (2D)

Chi-Chi EQ (Wu-Feng, EW, NS)—X&Y > PGA scale to 0.05g

LPSC 29 (2D) | Kobe EQ (Port Island, EW, NS) —X&Y > PGA scale to 0.05g
LPSC 30 ( 2D ) |White Noise (Bandwidth 60Hz) —X &Y | 0.03 60
LPSC 31 (1D)| White Noise (Bandwidth 60Hz)—Y 0.15 60

W I IW I W IWI W IWIWIWI W WP | PR PR === == | O|O ||| ||| |O
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LPSC 32 (2D ) |White Noise (Bandwidth 60Hz) —X &Y | 0.03 60 3
LPSC33(1D) 2 0.075 10 3
LPSC 34 (2D ) |White Noise (Bandwidth 60Hz) —X &Y | 0.03 60 3
LPSC35(1D) 2 0.075 10 3
LPSC36(1D) 4 0.075 10 3
LPSC 37 (2D ) |White Noise (Bandwidth 60Hz) —X &Y | 0.03 60 3
LPSC38(1D) 12 0.075 6 3
LPSC39(1D) 6 0.075 10 3
LPSC 40 ( 2D ) |White Noise (Bandwidth 60Hz) —X &Y| 0.03 60 6
LPSC41 (1D) 4 0.05 10 6
LPSC42(2D) 4 0.05 4 0.05 10 6
LPSC43 (1D) Chi-Chi EQ (Wu-Feng, NS)—Y > PGA scale to 0.05g 6
LPSC 44 (2D ) | Chi-Chi EQ (Wu-Feng, EW, NS)—X&Y > PGA scale to 0.05g 6
LPSC 45 (2D) | Kobe EQ (Port Island, EW, NS) —X&Y > PGA scale to 0.05g 6
LPSC46 (1D) 12 0.05 6 6
LPSC47(1D) 4 0.075 10 6
LPSC 48 (2D ) |White Noise (Bandwidth 60Hz) —X &Y| 0.03 60 6
LPSC 49 (2D ) |White Noise (Bandwidth 60Hz) —X &Y | 0.03 60 3

#1

in X and Y directions.
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#3.92010% 47 > KT 2 HAH B dRH o 25% (LPD)R & fic st

X Direction ( NS) Y Direction ( EW ) X
Input Motion Frequency Amax Frequency Amax PRI Mass
(sec) (piece)
(Hz) (g) (Hz) (g)
LPD 00 (2D ) | White Noise (Bandwidth 30Hz) —X & Y 0.03 60 0
LPD 01 (2D ) | White Noise (Bandwidth 30Hz) —X & Y 0.03 60 0
LPD 02 (1D) 20 0.03 5 0
LPD 03 (1D) 20 0.03 5 0
LPD 04 (2D) 20 0.03 20 0.03 5 0
LPD 05 (1D) 4 0.03 10 0
LPD 06 (2D) 4 0.03 4 0.03 10 0
LPD 07 (1D) Chi-Chi EQ (Wu-Feng, NS)—Y > PGA scale to 0.05g 0
LPD 08 (2D ) | White Noise (Bandwidth 30Hz)—X & Y| 0.03 60 1
LPD 08A (2D ) | White Noise (Bandwidth 30Hz) —X & Y 0.03 60 1
LPD 08B (2D ) | White Noise (Bandwidth 30Hz) —X & Y 0.03 60 1
LPD 09 (1D) 6 0.03 5 1
LPD 09a (1D) 6 0.03 5 1
LPD 10 (2D) 6 0.03 6 0.03 5 1
LPD 11 (1D) 4 0.03 10 1
LPD 12 (2D) 4 0.03 4 0.03 10 1
LPD 13 (1D) Chi-Chi EQ (Wu-Feng, NS)—Y > PGA scale to 0.05g 1
LPD 14 (2D ) | White Noise (Bandwidth 30Hz) — X &Y 0.03 60 3
LPD 15(1D) 4 0.03 10 3
LPD 15A(1D) 4 0.03 10 3
LPD 16 (2D) 4 0.03 4 0.03 10 3
LPD17(1D) Chi-Chi EQ (Wu-Feng, NS)—Y > PGA scale to 0.05g 3
LPD 18 (2D ) | White Noise (Bandwidth 30Hz) — X &Y 0.03 60 6
LPD 19 (1D) 4 0.03 10 6
LPD 20 (1D) 4 0.03 4 0.03 10 6

#1 Inthe two-dimensional sinusoidal shaking, there is a 90° phase difference between the input acceleration

in X and Y directions.
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#3.102010#4 % » KT =43 577k P B HB4Rd 5 2% (LPWD)JRH 53¢

X Direction ( NS ) Y Direction (EW) .
. Duration Mass
Input Motion | Frequency Amax Frequency Amax (sec) (picce)
(Ho) ©® (Hz) @
LPWD 01 (2D) | White Noise (Bandwidth 30Hz)—X & Y| 0.03 60 6
LPWD 02 ( 1D) 4 0.03 10 6
LPWD 03 (1D) 6 0.03 10 6
LPWD 04 (2D) | White Noise (Bandwidth 30Hz)—X & Y | 0.03 60 3
LPWD 05 (1D) 2 0.03 10 3
LPWD 06 (1D) 4 0.03 10 3
LPWD 07 (1D ) 6 0.03 6 3
LPWD 07A (1D) 6 0.03 10 3
LPWD 08 (2D ) | White Noise (Bandwidth 30Hz)—X &Y | 0.03 60 1
LPWD 09 (1D) 2 0.03 10 1
LPWD 10 ( 1D) 4 0.03 10 1
LPWD 11 (1D) 6 0.03 10 1
LPWD 12 (1D) Kobe EQ (Port Island, NS)—Y » PGA scale to 0.05g 1
LPWD 13 (1D) 4 0.05 10 1

#1

X and Y directions.
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£3.11201129% 67 » HEAL B 4§78 th4e 6 - :25% (SP)R # f5

X Direction ( NS ) Y Direction (EW) :
) Duration| Mass
Input Motion Frequency Amax Frequency Amax (sec) | (picce)
(Hz) (8) (Hz) (8)
SPO01(2D) White Noise (Bandwidth 30Hz) —X & Y 0.03 60 0
SP02 (1D) White Noise (Bandwidth 30Hz) — X 0.03 60 0
SP03(1D) White Noise (Bandwidth 30Hz) —Y 0.03 60 0
SP04 (1D) 2 0.05 10 0
SPO5(1D) 2 0.05 10 0
SP 06 (2D) 2 0.05 2 0.05 10 0
SPO7(1D) White Noise (Bandwidth 30Hz) —X 0.03 60 6
SPO8 (1D) White Noise (Bandwidth 30Hz) —Y 0.03 60 6
SP09(2D) White Noise (Bandwidth 30Hz) — X & Y 0.03 60 6
SP10(1D) 2 0.05 10 6
SP11(1D) 4 0.03 10 6
SP12(1D) 4 0.03 10 6
SP13(2D) 4 0.03 4 0.03 10 6

# 1 Theinput motions included sinusoidal (1-20 Hz) accelerations and the earthquake records in the world.
# 2 Inthe two-dimensional sinusoidal shaking, there is a 90° phase difference between the input acceleration

in X and Y directions.
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43122011297 9p » (A M e fop) 4 ¢ HTHIR D © 2% (SPS)IR B

B
. X Direction ( NS ) Y Direction ( EW) Duration| Mass
Input Motion Frequency Amax | Frequency Amax (sec) | (picce)
(Hz) (2 (Hz) (2
SPS 01 (1D) White Noise (Bandwidth 30Hz) — X 0.03 60 6
SPS02(1D) White Noise (Bandwidth 30Hz) —Y 0.03 60 6
SPS 03 (2D ) | White Noise (Bandwidth 30Hz)—X & Y 0.03 60 6
SPS 04 (1D) 1 0.03 10 6
SPS 05 (1D) 2 0.03 10 6
SPS 06 (1D) 4 0.03 10 6
SPS07 (1D) 8 0.03 10 6
SPS 08 (2D ) | White Noise (Bandwidth 30Hz) —X & Y 0.03 60 6
SPS09 (1D) Chi-Chi EQ (Wu-Feng, NS)—Y ° PGAscaleto 0.1 g 6
SPS10(1D) Chi-Chi EQ (Wu-Feng, NS)—Y ° PGAscaleto 0.1 g 6
SPS11(1D) Kobe EQ (Port Island, NS)—Y ° PGAscaleto 0.1 g 6
SPS 12 (2D ) | White Noise (Bandwidth 30Hz)—X & Y 0.03 60 6
SPS 13 (1D) 1 0.1 15 6
SPS 14 (1D) 2 0.1 7.5 6
SPS 15 (2D ) | White Noise (Bandwidth 30Hz)—X & Y 0.03 60 6
SPS 16 (1D) 2 0.1 7.5 6
SPS 17 (2D ) | White Noise (Bandwidth 30Hz)—X & Y 0.03 60 6
SPS 18 (1D) Chi-Chi EQ (Wu-Feng, NS)—Y » PGA scale to 0.15 g 6
SPS 19 (1D) Kobe EQ (Port Island, NS)—Y > PGA scaleto 0.15 g 6
SPS 20 (2D ) | White Noise (Bandwidth 30Hz) —X & Y 0.03 60 6

# 1 Inthe two-dimensional sinusoidal shaking, there is a 90° phase difference between the input acceleration

in X and Y directions.
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] 3.7 PCB #c 3| v & AR

®) 3.8 Druck 7 e ;% Hcs oK B3
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B 3.9 MTS Temposonics II Rod Style 4% 3+ (LDT)

e

% 3.10 48 & & #1+ (Coupled sensor)[25]
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B 3.11 #cA) R 4 2+ (Tactile sensor)

B 3.12 L7358 =453+ (ShapeAccelArray)
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340 %2 KT R RS S35 (LPB) 0 A e R A A B 2 BN S

Mass on pile top Aluminum pile
Freq., Hz

No mass 20.4

1 disk (37.84 kg) 5.73

3 disks (113.61 kg) 3.17

242 B FRTE LIRS SEHLPC) 0 A R AP T ERARA L 2 BFR S

Mass on pile top Aluminum pile
Freq., Hz

No mass 21.0

1 disk (37.84 kg) 5.74

3 disks (113.61 kg) 3.17

6 disks (226.14 kg) 2.19

143 $r kTR FES SRBUPD) F F AP TR RA L LS

Mass on pile top Aluminum pile
Freq., Hz
No mass 20.4
1 disk (37.84 kg) 5.73
3 disks (113.61 kg) 3.17
6 disks (226.14 kg) 2.19
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144 kTR GER SEB(LPWD) 0 7 ke T B A A 2 B E S

Mass on pile top Aluminum pile
Freq., Hz

3 disks (113.61 kg) 3.17

6 disks (226.14 kg) 2.19

245 KT B BIRE SRH(LPC) 3 RAPHB AT 2 R &2 7 dpthl BE S

Mass on pile top ~ Soil density Pile in soil Soil

Dy, % Freq., Hz Freq., Hz

No mass 27.3 11.1 11.1

1 disk 38.1 11.6 11.6

1 disk 42.8 11.6 11.6

3 disks 42.9 8.79 12.0

3 disks 50.4 9.16 12.7

6 disks 70.2 5.0 13.4
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Acceleration (g)
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Moment(kN-m)
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Sand Surface

M) Soil
Deflection| Slope Moment Shear Resistance
[L] [L/L] [£-L ] [£] [FIL ]
<=
oy o
Q* Dimension : F: Force, L: Length

Bl4.10 h2 %A%« ap T4 B mr 42 20 2k

Integration Differentiation
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Depth (m)

Bl 4.14 &2

Sand Surface
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Deformed pile
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T

251 VAR E4RED SR%(SP) 0 A R R TR RGP 2 BERS

Mass on pile top

Aluminum pile

Freq., Hz

No mass

22.8

6 disks (226.1 kg)

2.08

252 VAW FiRE SE%KSPS) A RAAHBARA T I BB P AR ER S

~ S
Soil density Pile in soil Soil
Dr, % Freq., Hz Freq., Hz
11.9 4.61 10.92
26.0 4.64 11.7
42.4 4.65 12.7
70.1 4.67 13.8
116
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20

Free field
Pile H

18

16 b

14} 1

12 R

Amplification factor

0 Il Il Il
0 5 10 15 20

Frequency (Hz)

(a) SPS03 (D:=11.9 %)

20

Free field
Pile H
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14} 1

Amplification factor

0 Il Il Il
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Frequency (Hz)

(b) SPSO8 (D: = 26.0 %)
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Free field
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Frequency (Hz)
(c) SPS12 (D =42.4 %)
20
Free field
18 Pile .

Amplification factor

O Il Il Il
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Frequency (Hz)

(d) SPS20 (D:=70.1 %)
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Excess pore pressure ratio(r,)

Excess pore pressure ratio( r,)

1
/\/ Depth=046m| | Depth = 0.45 m
1 %
/ ‘ _ Depth=1.05m | i Depth = 1.05 m
3 6 9 12 15 0 3 6 9 12 15
Time (s) Time (s)
(a) Location A (downslope) (b) Location B (middle)
1
)(/\ﬁ Depth =0.46 m 0 i /w Depth =0.46 m
1
/r ‘ . Depth=1.02m 0 i / ‘ _ Depth=1.05m
3 6 9 12 15 0 3 6 9 12 15

Time (s)
(c) Location C (upslope)

Time (s)
(d) Location D (free field)

B 5.5 AthiTRif AR K& 4 pe Bl(SPSOT)
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Acceleration (g)
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-0.1

0.1
0
Pile top 01 Pile top|
0.1 0.1 0.1
Depth = 0.45 m| 01 Depth 5 0.45m| o, Depth =0.46 m | Depth = 0.46 m
0.1 0.1 0.1
A O T e ..‘WMW\,\/\/\.‘.N
L Depth=1.05m| 4, [ Depih=105m o1 L Depth1.05m [ Depth = 1.05 m
0.1 0.1 0.1
L Input motion | . | Inputmatiod 0.1 Input motion| , [ nput motion
3 6 9 12 15 0 3 6 9 12 15 0 3 6 9 12 15 0 3 6 9 12 15
Time (s) Time (s) Time (s) Time (s)

(a) Pile Acceleration (X)

(b) Pile Acceleration (Y)

(c) Free-field soil acceleration(X)

B 5.6 pd 3222 4ok B B PFBI(SPSO7)

0
0.3
é 0.6
S
o
(]
o}
o—@ 2635
Bl 290s
0.9 3.04s
3.20s
¥—K 3.45s
@®—©® 3618s
+—+ 4.025s
1.2 - V—V 4.13s
| H 4.32s
0 -20 -40 -60

Displacement (mm)

B5.7 p o 345 4205 F R F(SPSO7)
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Displacement {mm)

Amplification factor

300

250

200

150

100

50

Time (s)
(a) Relative displacement of pile top

Displacement {mm)

1 1
1 |

- 1 1
-3 -2 1 0 1

Dis:placement {mm)
{b) Trajectory of pile top

Bl 5.8 AFTEINAR ¥ 4 & B 3F & it BI(SPS07)

----Pile

——Pile in soil (stage Ill, 4.2-8 5)

0 1 2 3 4 5 6

Frequency (Hz)

B 59 2z HERKRZRMIEHTE i R3S & H(SPSO7)
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Depth (m)
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Excess pore pressure ratio( r,)

Excess pore pressure ratio( r,)
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Acceleration (g)

Acceleration (g)
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(c) Free-field soil acceleration(X)
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Case: Chi-Chi EQ_PCBP1Y-InputY
Time Window:[ 13.00, 15.50] sec, T_eff=2.5 sec, Filter: [0.5,100] Hz
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a() (9)

Spectral Ratio
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v 18
2
V—[V+8—de)—m(x)8—;dx+l?(x’f)dx=O
ox ot
o R
oV o’ ‘
om0 pnn =0 5 7-1)

ﬁ_ﬂw ~ & b3 BT T %

> M=0>

il
o

2
M+de_(M+aﬁdxj—m(x)a—zvdx & + p(x,t)dx &
Ox ot 2 b
FLVER IR ivpe F
e = — 37-2)
ox Ox
*ﬂ%ﬁ'ﬁ‘iﬁ «;Eﬁ? s
o’y N
M :EI(X)—2 (}\ 7_3)
ox
B(GT7-2)k x> T
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i [EI( )i} + m(x) o'y —p(x,1)=0 (747-5)
ox’

FHAGS - %re G2 HF R E o RIENX)=E] > m(x)=m - F P>
Bk 2 B ik (b=kD > D5 505 > ki kT 2 3EF 4 GB(F] &

F/L3)) » ks k8 Pl2EF 4 Phot)=kv(x,t)=taDv(xt) » B]} X728 %
v ot
E1Y e m<2 +kv=0 7.6
PV (%7-6)
AR BRI AT A TR RIE 7R FERE

Bo L iRBR 2 IR MR R RS 8 R RE(RT0) ¥ - S5 e
KEE CLZES S SRR 5 VRN EY . il i

o'v 9% ‘
EI—4+m—+kv 0>—-1<x<0 397-7)
Oox, ot’

FoBR LRI RBMNA L A ER LD BA S L

oty 0%y
ox; ot’

=0 0<x,<L(=L-I) (747-8)

Tt > s R S B IR A S AR > A A R AT -

EARE - BlcA PRGN TN W fE o R AR EE 0 B kT R

P ov=Evi )T T
Vi (x,1) =@, (x) - Y, (2) (57-9)

20O (x) 5 ABKT e Ak S V(1) 5B S & (RT7-7)7 @

EI(®,"")Y, + m®, Y,+ k®,Y, = 0
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4 . 2
:,Elt‘:l (Dlvm:avl ,BK:%O

o ot

g

.l«LLI:‘E““:—_;7 %E—JT\P\?'K% m(DlYl , iﬁ%;ﬁ(/g]\%’ﬁ:%gﬁ)

m & m Y

Y +@,’Y, =0 (547-11)

O, —a,'®, =0 £7-12)

2
A a (47-13)
ET
@ (38 7-11): f2 5
Y(t)=A4 coswt + A, sinwt (77-14)

P fRER RS BAEGE B doB2 A e B B A At R R RS B R BAIE AL

A (387-12)2. 4 f2 %

®,(x,) = B, cosha;x, + B, sinha,x, + B cosa,x, + B, sina,x; (5%7-15)
HeYBi~Bo By ~Baafa s ¥ dicr 1% F R GFERjE2 o

FIZo 52 BcA AN (RNT-8) 2l R0 BHRT Y AR > BX

PERZ KT vk )T R T &
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v,(6,0) = B, (x) Y,(0) #7-16)

e D,(x) 2 kT2 kst V,0) - FEF S8k & r(GVT7-8)F &

O __L_, (£7-17)
m @, Y

4
H ¢ 10 HH_a Voo, w Y _82Y2
” 2 _84 T 27T a0
X, ot

(R7-17)% EN 24585 - ¥ 8B f BREPTES 0 F1 07177
CHIER Y O R T
Y,+®,’Y, =0 2 7-18)
O, —a,'®,=0 (347-19)

oo, s A

(547-20)
RIF AR ARsN 2 il f2 > B¢ A0k iz W fE G
®,(x,)=C,cosha,x, +C,sinha,x, +C, cosa,x, + C,sina,x, (547-21)
HPCI~Co~C3~Can ff A % Hco

FR{|F-FEF - LEREZ BB FET > MR AP

(v (0)=v,(0)) » #4rid & (1 (0)=v, (0)% Ak » IT 7 3]

Y (+£7-22)
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®,(0) _Y, (£7-23)

1P (G4 7-22)82 (58 7-23) > ¥ 18 5

Y, _Y, (547-24)
hoy

Flt oo od (Y T7-24)F F
. 1 (347-25)
n o5

#(27-10) ~ (X 7-17)2 (R T725)7 v > 0 =0,” » s BERHA i KR H A

FRER PRI S RN TR S N E R B
Ffzm B &n B AEFIHRAE B D PRI B R

B R e
(1) %- g higt s w-1,0)=0-V(-1,)=0
v d O(-)=0- ®(-1)=0
Q) ¥-Fes-pakgz BhlafiEiei
®,(0)=D,(0) » @,(0)=D,(0) » EID,(0)= EID,(0) » EID, (0) = EID,(0)
(B) %= R p R# R if 2 (forced condition)
EID ) (I,)~ Jy0*®,(1,)=0 » EID,(l,)+M,0’®,(l,)=0
BY oM TR BY TR J s Ptz g i & 0 El 5
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AR R -
g b B R EE SRR A (T-15)E (G T21) 2 R AT
@, (-1)=0 >
B, cosheyl — B, sinh el + By cosal — B, sinal =0 (3%7-26)
@, (-1)=0 >
— Ba,sinh el + B,a, coshayl + Bya, sine,l + B,a, cosa,l =0
it E
— B,sinha,/ + B, cosha,/ + B,sina,/ + B, cosa,l =0 3 7-27)
®,(0)=D,(0) -
B +B,=C,+C, > B+B,—-C—-C,=0 (347-28)
;(0) = D}(0) -
acl(B2 +B4)= ()zZ(C2 +C4)
e
a,B,+aB,—a,C,—a,C,=0 597-29)
EID, (0) = EID,(0) >
Ba}l - Bl =al(C —C,)
e v 8
alB —aB,—a;C, +a;C,=0 (547-30)
EI®| (0) = EID,(0)
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Ba} -B,a’ =al(C,-C,)
g 8

o'B,—a'B,—a,C, +a,C, =0 (38 7-31)
mopRER EID () -J,0D,(,)=0 -

EI(Clozz2 cosha,l, + C,a} sinh a,l, — C;a} cosa,l, — C,as sina,l, )7 Jy@*(C,a, sinh a,1, + C,ax, cosh a1, — Cyar, sina,l, + Cyar, cosayl, )= 0

AN

g

g

(EIozz2 cosha,l, — J,@’a, sinh ozzlz)C1 + (ElozzZ sinha,l, - J,@’a, cosha,l, )C2 + (Jﬂa)zaz sina,l, — ElaZ cosa,l, )C3 - (Elozz2 sina,l, + J,0’a, cosa,l, )C4 =0

(747-32)
EID) (L) + M, 0’ ®,(1,)=0 *

E](Clot; sinh a,l, + C, a3 cosh a1, + Ca; sin ayly — Cyax3 cos ayl, )+ M ,@*(C, cosh a,l, + C, sinh a1, + C; cos a1, + C, sin a,l, )= 0

3

B

-\

(Elaf sinh a,l, + M, @” cosh a1, )Cl + (Elozé3 cosh ,l, + M@’ sinh a,l, )C2 + (Elozé3 sina,l, + M cosa,l, )C3 + (MLa)Z sina,l, — Ela; cos a,l, )C4 =0

(747-33)

Tg
s

1R (74 7-26)~(N 7-33) % = = A5t > 7o B

Sl
N
S O 0O 0 O o o o
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cosha,/ —sinha,/ cosal —sina,l 0 0 0 0

—sinhe,/ coshe ! sinel cosayl 0 0 0 0
1 0 1 0 -1 0 -1 0
0 a, 0 a, 0 —a, 0 -a,
[A]: 2 2 2 2
a, 0 -a; 0 -a, 0 a; 0
0 o} 0 —a} 0 -a; 0 a;
0 0 0 0 Ela; cosha,l, —J @ a, sinha,l, Ele]sinha,l, —J 0 a,cosha,l, - Ela;cosa,l, +J,@’a,sina,l, —Ela;sina,l, —J,0’a, cosa,l,
0 0 0 0 Ela;sinha,l, + M, @” cosha,l,  Ela; cosha,l, + M, @ sinha,l,  Ele;sina,l, + M, @’ cosa,l, M, @’ sina,l, — Ela; cosa,l,

(347-34)

PSRN 2o pleL[B B B, B, C C C CII"F
—HEF AR F B A RN TR LELANFH N E S R
(det(A)=0) » d AE"LAH{T 7% & & F ehif 2 (det(A)=0) > ¥ KT H 3 #52
JBLZME S AE5N o T ArermBh iE 1 Sl PR K SIE S S 25
VLS EAGERRE T o3 R p SRE S 8 4 (DR kT 4R

4t (k)2 B 14 o

712 S SRR R

VST R B A TS R D AR AR Y Z B RS
S HTL 3 R S B B 2 D R -

Wi

(1) i H 5 2 BAF R

HH R E AT 4 B g A X g I
ARTR| B R EF R 2 BRI > W 0 * (NT734)F PSRt ¥ RBH B
R PRS0 Ao RlT.347T e

lm%

LR f2n UL B

gt Etcal 2 i s (DR 2P EM=/=0> )& 2 ¥ k=0
Plar=a: > 3)% - BthEls % 2 L L=L-1> & »(547-34) > R|¥ # 3

-\
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[ coshe,/ —sinheyl cosal -—sinel 0 0 0 0
—sinhey/  cosheyl sineyl  cosal 0 0 0 0
1 0 1 0 -1 0 -1 0
0 a, 0 a, 0 -a 0 -a,
[4]- al 0 —a’ 0 —a’ 0 al 0
0 o) 0 -a 0 -a 0 A
0 0 0 0 Ela;} cosha(L—1)  Ela]sinhe (L—1) - Ela; cosa(L—1) —Ele}sine,(L-1)
0 0 0 0 Ela;sinhe (L—1) Elajcoshey(L—1)  Elefsina,(L-1) —Ele; cosay(L=1)]

33

-

4 det(A)=0chis i » BB+

4cos’ oL +8cosha,L-cosay L +4cosh” a, L +4sin® o L —4sinh® o, L = 0

—F'
=
gl
T3

cosha L-cosaL+1=0 (347-35)
'aﬂ% i#;.,z ]‘\ﬁ* Fifz Ag4%3 4258 > @3
oL =1.8751,4.6941,7.8548,10.9955,14.1372.....

1RGN T7-13) » BT 7 B pIRAE S

e laEl X 7-36)
m

Wb R BHT R X (7-36) 0 RIT B E| E4RE L B KIS

w1—3516d 2——22035\/h —61698J19% ’ah=420901/1@% ’
mL mL mL

DR R SRR § AN LA T T A B A

2 KBRS RN 2 1o o

A

Fooboo ¥ BT E AR S S 2N 0 AN R R B2 AP
—E‘\—F‘% v & 7 AKE = ?ffﬂ(m) A (L)~ 2 é] R ()~ EE%W%EW?H’ B (ED ~ 15
TE%*&(ML)JM%F??*&% FRU) 2RI () £ 717 (A T34)2

BREY e F5 e 7 2 & S dy B BioenAg AR S A58 o 1Y 55
R R R RS SRR A T 2 (e W)
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f\ﬁn,},w—m ﬂ'LHJ\:ﬁéT ,;,’qu;_ ﬁfﬁ«%@”ﬁ?iwo

d 2 FANGNT34)r 33F 5 Al EREH BRI S AN

TR R P AR TP AT Y @ 2 2 MathematicaiJ2 (7 51 58 (54 7-34)
z B RS ATAR S 258 2 £ 2 o Mathematicafz ;¢ ¥_¢ % K Wolfram
Research> @ 1A 2 8 B i > §- EF G HF L P 5T L 2 FiE
FEHEIE SV RBEFIERENIE s REREEH P E AR ams S R
fREFH G o AT Y o JIF ZHMT BT REEY 2 L #(517-34)
2 BxQAEMEH F & 7 HEL A7 > xR G TR 2 6 2 KRB e eh

o ARSI o -

BRAFE I LY o R ERERERIAMT A s RAKRE L

B OFE(m)%2.509kg/m ~ #5E (L) 3 1.600m ~ & B & (DE0m ~ A IR

R (ED) % 69383 N-m? ~ #4785 £ (M;) % Okg!! 2 #4578 & 5 ()2 0m* >

kTR 4 Glic() s 0 N/mS > Bl 5 7 8 R R A E - B2 ARAE
% £36.349 Hz

FAUR R A SRR S - e RIS LI BT TR A

w, =3.516 /Eé (347-37)
m

PIF (ERAF R IR A f22 % — B p RHE S 536349 Hz 1345 —"F’f
Wk T o AT TR R ERERA T ER Y AR R Rk o

(2) BAEERBE S F L

oS B P U Ot RATIE ShBhanp AR R AT o745 o 4 3 S

BHE T AR ER S RS IR fR[75] 0 25T
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SEL X7.38)
M, L

w =

ROMG R FEL TR L RE B GR2RIR o NG
Hpd g ¥ pwviltpid

\“‘b

2

FR R TR 2 1R R 2 W - R A e sk P
LECERRY R AR AT B kR TR P &
PR REL G L TR fHEABRE R R TREMm)
0.0001 kg/m~ #5E (L) 5 1.600m~ 2 & & & (1) 2 0m~ 4 f 4% b & (E]) 5 69383

N-m? ~ #7858 (M) 5 37.84 kgt 2 578 Fosdd 13 £(J)) 5 0321246 m* > -k

Ty dp R () 3 O N > RIE T RS R R - L p
A 55811 Hze AR b T30 % » 3234 2 5N (RN 7-38) R ¥ 1 Rk fE2 p 2R
ﬁg;‘«‘; 583HZOFLL$Q;53¢B ;L;;F._T Ff—ir’r_@ié()?)%’ n:a';:;,gﬁ,}-g_\‘;l ré-*”

BT R 2 B 8 0 910> B F T2 f RIS T A ST AR o 5]
S ,fzjjgwﬁrﬂiﬁ Bz, 5 5 bl i s BB B TR Tk B ARAE R IR

fRea @Ip g e > vE SHEE Y A Y g2 EY R o

(3)f @ thep s f £ 15

7 #(1937) [76]F e Tt FREEFEFER AR R { L2 E
Iv}ﬂl 4\0)? ’—,—,/ Pmﬁ*iégx%é]y 7J\_Ilaq—8"'}; 4 '4‘3{1._/71"‘& 3 ?,r*iqg Do

BB B AT 2 B B AR 0 T R BRI TR

PPpsE G 802 WP GEY o BREE R L2 I 4o @7.5%57 0 2

FERRNEFHRZ KT Re P R2 (25
=2EIpR’ (347-39)
HPY KL Az KT Rwe R EIZ 2 5 R R > PR 5 A2 A o
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H g 4o

g =il (3% 7-40)
4E]

B ks kTR G4 Gl D3 HRIT o

Flt o FHRTR B L EM o RIESE R R d REEFRT 28 RIS S

_ | K _ 2EIB’ (X 7-41)
ML ML

d 3l P ERE N BT ER R AR L% %R Y pd REET
L ERE R B P AT HEREEGYY R p E AR R Hin
BFEA T AHER20mE TR ft i d hEFiEE2 260 - a4p
2 ?ﬁiﬁﬁ roe FEARE =R R F £ (m) 5 0.0001 kg/m~ F5E (L) 5 20m~
Bis(D)50.1016 m~ 2 & & B (1) 520 m ~ 2 ¥etd b1 & (ED) 5 69383 Nem? ~
BT REM) 53784 kg 2 B B FREHH RS0 m? > kTR 455 4 5
#ic(hn) 7 10°N/m? > BI7 T F] R i 2 W AA G BT H Y - H2 p 230
& 2 6.60 Hz -

FHT 2 TN o BREAE S 2 B 2 N (741 TR A
B faz p RIS 56.61Hz o v g R F 3L 5 0.15% 0 B0t > Vi
FTHEZ FEFH N EAp R E 22 pd BREFIEG A T ehg % - K o

713 it EE N BAEKEL TR

oA TR RS 0 W SR F #6(1937) [T6]# 1 R f2F ¢ 5 2

4

S

EE s CHBRT IR 2@ E N B oa AT RN BN
TR A F o &R % BiE A 9 578 (SAP2000) Bk B 15
AR RALER S NEEA TR S B RF HG R T RRE
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SAP2000[77, 784 %8 ¥_d % W Computers and Structures Inc. (CSI) 2> & 1
FROCFZ LI AR 0 P RARF N GEAER > TR LT
RAPPEAR RIS M HEHPFR AT RYFC AT 2T

B At HRAER BT RET HOHE

zom A EL e ZERB AN S o T AT REES B R

B
AT F R B E A BANRA YT AT e ¢
BB AL e Tt > AL T BT e A E 4 B A T R 2 o i

AE TR AR 4 B A T R R AU o

dO RN Y B AR - e 2 MR o T 1R
Bore ¢ e TR Rk 5 1600mm - H R 8 ¢ 4o T
e @ BCF B chif B i 5 Bl $(fixed joint) » &SAP2000¢ e 4k * &
B BN AR 2 Bk o ASAP2000A 7% 0 AEEE Y 342 A E hHcE 0 A
AR ERD W69 -

2 H BB 0 L RN R o Bl RS Al
NETI2E A BRI AGEH M RS ARTARY - B
Ghp PRE S B g A W] 53770 Hz37.70 Hz » & KB ¥ 40 o @ {345
SAP20004 15 #7 17 2 fhth % — ik 5 3 5 37.46 Hz » 221703542525 0.64 %
LB AT 0 T b ABE A BT Rk

bthd Sl EHREA0A > J1F R ERREERA S P R RE S L
BELER R TR 53784kg A g AR Rd BTTHT o 23R
3R PR o A # ;Y (Winkler foundation model ) @ ™ #c B Ap T b 3
EEHE AR TABRE SRR RE I EEY o LERZ IR
%ﬁ?ﬂ L ikeypok T G F 4 Gl(kn) + AR 0E W §0 R 8 HAIT g 4
DRk I BEASFTP KT SR 4 GlkE 10 N/m® > B7.85 #5524 ¥
BTG B

mlvr.*
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d SAP20004 17 7 Flth 4 B @A) % - B8 99 5 5 6.72 Hz» #A4p 1 1
ZFRA R RN AHRE R R FR(m) 5 2.509kg/m ~ (L) 5
1.600m ~ 2 & % A (D)% 1.300m ~ A ¥ ) & (ED) % 75000 N-m? ~ #4578 5 &
(Mp)%37.84 kgt 2 578 B & ff £ (J) 5 0.098913m* > -k T = d5 k4 fhdk
A10ON/M® 87 @RI G % - W2 A RS 2676 Hz o 1 A ¥

PRI AR NF0.6%9nEL > ERETELER -

it

BHTI2EJ* Z f873 i 2 T2 WAHEE A S BE A 452 v g o

SR AR S BN T R

7.2 RAFIHORRE KT 2 F 4 AT M %

~E s w718 20 i1 BeE BN 2 BB A 47 3 1 (SAP2000) B i

PO EE%EAY 2 PR BEH R K SR S R oo 5635k

Bk b ST T 0T KR 2 R TR % A R TR
FUMCK R G o PRI R DR T .

721 frEERAGEKTIHF 4 Bk

FRPGT718 G BB 10 e F 2 WA e 3 2N (8 T7-34) 0 A
Mathematicadic 88 7 & (7 5 5538 8 2 45 8L 5 B(NT7-34)2 8xQELEH = & %
BRLES AR KO TR B AR M F R ¢ 7 ARE B Em) iR
SEARD ABRAERREE) BETREM) L E BETEESEEU)
KT g iR 4 (k) Aot S ARSI L TR B S ()2 AgAR S f2 N o
PRI FAIE SRR R AR AR 2 R RI R K SIS B
— Py eficiE o

BT ATE 0 FARDT A EFR PR R RE ) RS
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FOAIR G B R Tk T R 5 H RS TR 2 e 3R E D
BMEMIZEFRADEFARIRERBRZFE REEAFEEE 2577
PRI R R BE X 569383 Nom? > B4R B B B R% S E
(75000 N-m?)#p iT

AT GYOR T M ek G2 RTINS 45 ARE TR (m) 3 2.509
kg/m ~ #5E (L) 5 1.600m ~ 2 & % B (D5 1.303m ~ A8 k| A (ED) 5 69383
N-m? ~ #,78 8 (M) 537.84kg 2 $ B FE @& 17 £(J) 50321246 m* » -k
T3y F 4 Galk(h)B]d 98-20000 N/m? % F » 11— L 6| L IR E B A O~ i
BRGNS U B REREAEY Y AR T A R KT 2R 4 Gk
Mo 4@ 272977 o @2 A B F (w8 KT 23k 4 (k)2 M %o
YoB)7.957F o Byt A B AS8-124Hz® B AT Rk T Bk 4 i@ o

¥ 4= 538 N F T

fon = 1.872 £ - 43.740F% + 545.002 £ - 2245.344 . + 1179.114  (;%7-42)

,:«\«

o

R S EL TR NS ER

722 3 RARARPERTIREF 4 ik

K//f DA T ERER O ETR R RS NSRS T i R kT
R A Gl > AT . 0 BoiE A 47 508 (SAP2000)E 7 HEA HR 2 R SLHE
BRI FRD G SUE S R T Ao g 4 Tl BT o

FAZ A E R B E R BRI B e L F 2 REHD
B2 %6 2 4027397 c 2@ B2 6 o d SO R A B %
PR ENT S ERE RN TS RARTRATR O R R BB BRAL
WA (k)2 3 20 % TR AL F L P DR o RS L H e
Sk A e b ers;n_azmgwm,zﬂ(%4.1)a AR LS 5 A A
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B A2 OB EAN TR A F R RET RSB
BT 2 R el o (R R AR AT Y BRARIEES i Y
%2941 kN-m/rad -

i P ERCAIIN A 0 RRECAIRT F ¢ S 2 VAR 34K
BadRips PP ERI MRS A LR K Rd BIT.0097T 0 23R
2R PR vo R A H3Y (Winkler foundation model ) - M #cBAp T s 43
AR AR R T AR SRS R B I EEE o r L ER 2 JE
s R AR S Sl I S N SR 8 Wik ¥ S

(k) i Bt = o rf 7 2 MBS 2 b 4 R A FRASS 5 ddk(hinge) > £ 3K
T - Y HBc@gr H BB BT 2 ©2941 kKN-m/rad > B7.117 4 #5
FHEASATHCRE -

~

&l“ 4
m\ftv

SRR RS (LR S AR i S RS S RN S Sk
BAlY ) AR > L FRERR 264 WA ERRRE A F oA
D2 A5 74-13HZ B T 2 R T 2 R 4 GRS 0 F R R

PHEEFARZRTAEE 4 Bl LR iERL AR B A 4T

‘11

@ P ¥ AE S B5.74-13 HZR $ ez KT 2 3 7 4 falic» 4ok 74907
DA TR B A RAE R e ok TR E 4 A 6

TR - B KM ERT 3 F 4 Gl M o 4o B7.129 7 -

R

—
o

-

5

Iy
&5
HE R ™3V 4& 32

kn=2.516 - 61.579 7 + 751.696 7 - 3,283.523 f, + 2,995.985 (X 7-43)%

Phne kT 2R A Gl i3 FEUES o

d B RN e s REF 2R SRS BT 1 4 Gl
3‘“‘57‘*(%'7.21?5"%7.4)’657}@'% e R B M2 kT 2R 4 il B il
AP AR RFANHABKT T o A S Y R AR
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% B3 0% 2 (fixed joint)> 2 SAP2000%c & #-3] ¥ 5% if i B] & 424 (hinge joint)
b P RgEEY S Tl Ak T R 4 Gt L B oad AT S
+ BT EREA IR E L AP TR IR R R o

723 RT3 F 4 ZBAARFFIH AR M G

AP Y R638d AH A F RS AR FR I EEFARTE IR
P G AR R e FRE—H AR ERR IR HORRR G
PECAZTATISH O EEHS A BE AT E 2 R T L 4 Rk

PSR S ELERES PR S SRR R

4=

(LT ENEEE TN Y SEN PR T el N SRR
T3 GEAI KRS M

7~

AE A FIPROIE R T B B & G A4 Y 2k A F AR R KR
3L (4eB6.19)nE K T L AH S R AL B RS A u RS
W RN (72188 B E A4 47(7.228) AriF et A MAE S e 1
FoA Gl S G RS0 S RSN IR TV T RS A R S 2L A
B3RS L (ryave) 22 KT 3 3 F 4 tadie(kn)2 B 12 0 4oB]7.1327.14 -

BI7.13827.148 7 KT 33 F 4 ey € D F FM2 TR HOR
WOH e @ RS o AT EOAZ EE I KR Y R (1, ave=0~0.2) oK T 43R
Fo4 B g R T o e AT ISR EE I R RV BB PR (Tuave =0.3~0.9) >
KT AR 4 BT R RR AR 0 TIOACE I R R 40.9-12 BFRE oK
T AR GEST A WH TR e RS BF PR

AR S AP E[17,79] 0 2 PF 0 F UAQIEIC KRR S R PEATH B2 KT
PR A GBEREFIRNRT FDTIOQEIHRRS LB R T
AR Gl TR R o 70527168 T B 5 A iF 2 Lok E
3R 4 G TEARIRIHOR RV AR AR Y - R F T X SN A B
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(7ie fFw W IAT A e ik fEAS S 0 2 A 8 VT 23w bF Thlios AP 5 AT
HoP I HF R R R KT 2R 4 Gl T ISAR R MR B e

(kh/kh,ref) = 9.4722ru,ave6 - 33.945ru,ave5 + 44.578ru,ave4 - 23.632ru,ave3 + 2.6344I'u,ave2 -
0.1055ruave + 1 (347-44)

d P& A2 @2 p R R T R 4 e T4 R R
BRvC 2 B o T A AL T 2R G TR oo @ R E R F
BEApRPFR T H PRI RT R R 4 GHEITRS S R A % L 48
Foopts B I BE RGN R PRI R TR R 4 RRATRM R S

BT i o Flpt o B BRI RT3 A 4 G AR Bk R 2 g
TS R P S S s e IS S

724 KT g 45 BT ALY B % B A 0 R

PR bk A TR AR 0 63 E ALY ks & b2 1k SLEE F O
BATIRIC R R B A (B16.20)i T AT o d N IRALE FRRH B T L2
ﬁ%ﬁﬁéﬁﬁ%@ﬁ%%*’ﬂ“%“%§ﬁ$¢;L1%§F4ﬁ&ﬁ
ot kST Bl o e R TE @A
POLRIRT SR S R ALIRI R R L T Ao R7.17 8 R
7.18 o

B 240.8% & p%kE b2 F) 3 ;M‘ﬁ“f HRAR TR o

Bl7.095 K Ty A r tR Al g2 21V KT 23K 4 Al LW
169

d0i:10.6342/NTU201701560



J\@LL%'L7F5§'Q°]§]6{FT BAp e eAZ ER I A KRR iEETT o A f‘:?'-“
PRI IR 4 GREBTR R R ROR T B kmg‘-,m< » Hop o4 2

PHOKBRFAZGAIERASBL A AR EFR AL G A E TR AR
AEATR TR FLF SR ERE TR EFE KT IR 4 BT R

7.3 1 KT 23R 4 GBATRM G R

TR 2 R B TR AR e gE R 4 TR FIAC IR KR TR B TR
BAFTEREF R B Leeata Q01 D)[S1]#7F 2 B (2 5 & A1 2 3%
T4 R BEITRF)F EIHORR B R AT I 2T S fe 2T
4 piE 2 B R

G=pVy’ (347-45)
He GAt T4 il ph AT ERAE VA 2T 4 g o

WeR GRS R R TR TS 23 KR 2 B o §7.20
AR 2 R G TIACEE I R R TR B T e B P BT B ACHR
TUMKR AP - Twasaki et al(1981)[48] 5 % 2 A A7 5 2 B A2 5 1
Vom AR B ATIEIC MR B P AT 2 BRI 2R 4 GEITR A S
Lee et al.(2011) [51]=x 2. > Iwasaki et al. (1981) [48]F7 R &> o

GRS i BB R 0 A #Lee et al(2011) [S1]4 %] L5 B
b SE R ERANRREIMREREF I ELRT ERIRTREIY
F i ] @ Twasaki etal.(1981) [48]R] 1 * & -k & ch= 3% ig {7 H05
BAZFFI MR REFHAERe T2V TL4E > FI P FRER B
FoA GEATR RO o

7‘_
¥
"*‘
o
P

pek s F A ’*flwasak1etal(1981)[48]? ¥ Op A ELEL € R 2 FUR
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% 3 thd(FL) & AR KR 2 B 12 (B12.33) 8 (7 i3 > P ¥ @ 3 B7.21
BI7.215 = 8475 #1182 BRI RFE 4 Gl fup V4 > Gl %> B
¥ &7 Iwasaki et al.(1981) [48] 47 15 & & -] > Lee et al.(2011) [51]=% 2 » &
B RO R AT o 019968 Pk F R § 2 2 ST A
(#2.3)4" 2 > P+ 3 BMIwasakietal.(1981) [48]2 5 % ~ I+ & g R poE kD
ITRM o A AT R % 2 leeetal 2011) [S1]4 % Bk p P E R E M-
B2 o PR UER CFETEFLREREBETEIFELRAFLI I R ARG
oK R ] RISt AHIRY P AP R gm B RBTR AR ER
PR R AR A R PR T 2R

A OAFE T % GRS R B X 5 40.8 % o % 1945 Meyerhof[80] 4742 k 2
WEGREF » ERNEGR A (275 Bl A& » EFRET & £7.5%
5100 F s F o0 [AE (S 2 R R - RIFIRRT212 Bk
AR it F 2 REE0980.6PF 0 A RN R HF 4 GBATE A Y
10.12£20.0005 > £ &2 p A AT § RFPE R 2 TATR S B(F24)iE 70
FORTHERAILR GRS GRATRE S S D A AT R PSR
TR S s T o

FeEm R ER it 2 Y HAIRREF B didme ko ERA R
}—_l’:

Sk R A EE S ANCEIEE S = SIARE RS £ S N T S

A% Winklerd SEHGIE IR ERX 4 75 > T ERB 2 kT e &
F b GibiRR> » L g At i ior 3 ¢ et 2 >
PRHEREEERFER KRR RIS BN o % Z /87 I iE 22
19 25 1% 22 SAP2000#fic i A 15 St REE (T2 28 > P AT 2 it LSS S R
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L FE e

R NS R SR e SARE T (RO T RtatE L
4235 22 SAP2000#c i A 47 5 2 = ik g 2k B ok T 4 g

b OGHCRE o 4R R G]A T T RIRKE ALY Dk SO S OEARE A MK
B e R flr R SR kT R R 4 2 W
BRI B E 4 GBCE AR KR R T 3 ARV IR SR AT
B2 kT R 4 B S AN WRIL R 2 SR S BT
RR L 2 sk o dets fdwasaki et al (1981)[48]%7 Lee et al(2011)[51]2. &
S 0 T3t D B RP RPE R S FITR S LR -
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7.1 SAP2000#c & 4 47 # » & * 4 1 2 75 &2 P S

Item Material Do (mm) Di (mm) | p (g/cm®) | EI'(N-m2)
Mass Steel 101.6 -
Pile Aluminum 101.6 95.6 2.7 75000

272 BitEERNY 2 RHRY AAREF 2RI WE R4 Gk

Freqgency (Hz) Coefficient of horizontal subgrade reaction, ki, (kN/m?)
5.824164 98.42519685
5.991913 295.2755906
6.153137 492.1259843
6.308393 688.976378
6.458126 885.8267717
6.531066 984.2519685
7.778364 2952.755906
8.747538 4921.259843
9.540368 6889.76378
9.888313 7874.015748
10.21016 8858.267717

10.5094 9842.519685
10.78887 10826.77165
11.17605 12303.14961
11.75057 14763.77953
12.70271 19685.03937
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% 7.3 SAP2000#c i@ » 47 ¢ - @& * HEi* 2 W5 &

Item Material Do (mm) Di (mm) | p(g/cm®) | E (GPa)
Mass Steel 350 7.8

Pile Aluminum (6063T5) 101.6 95.6 2.7 66.351
Flange Aluminum (6063T5) 180 95.6 2.7 66.351

% 7.4 SAP2000#cE A~ #7¢ > % it G MAFF B R T B R 4 ik

Freqency (Hz) | Coefficient of horizontal subgrade reaction, ki (kN/m?)
5.744 9.81
5.897 196.2
6.158 490.5
6.483 981
7.115 1962
7.663 2943
8.583 4905
9.161 6376.5
9.668 7848
9.974 8829
10.259 9810
10.893 12262.5
11.441 14715
11.920 17167.5
12.348 19620
12.732 22072.5
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275 B2 2 NELpHHADE N Bk 2 M %[80]

B R AR N & P\f?}fa?’%’-@
(Dr,%) (¢)
& Er 24 (Very loose) <20 <4 <30
#x £ (Loose) 20~40 4~10 30~35
¢oE ?T‘ % (Compacet) 40~60 10~30 35~40
?T‘ % (Dense) 60~80 30~50 40~45
>50 >45

& % % (Very dense) >80
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£l k =th /

X u

AW X]
] D |
vi i y A

Bl 7.1 ¥=d o B ER L [ 3T B

M;
Mﬂ dx
ox
v
—_— Vﬂdx
- ox
N < o
P(x,t)dx — — Fv
I
Ny - m(xy—
P(X,U <« T
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N
AV M
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e . c——
k30 mm 20 mm
o
@ £
= E
£ S
£ @
2 —
_y 30mm 20 mm Aluminum
-+ — |
v

B 7.6 H fhfcE i3] ~ 7 B

. =~ —
30% 20 mm
Sand Surface
o
1%
>
€
€ 1300 mm
o
n
30 mmm Mass
_y >°me 20 mm Aluminum
- ﬁ_‘_
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B17.7 4 & ¢ B el 03~ 4 B

Rl 7.8 SAP2000 4 +7 448 ¢ - ff i HcF #3452 BB ) B
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25000

20000

15000

10000

5000

Coeflicient of horizontal subgrade reaction, k;, (kN/m?)

K = 1.87188325 £ - 43.73934392£3 + 545.00212956 £2 - 2245.34421597, + 1179.11432203
R® = 0.99999986

—\

8.0 9.0

Frequency, f, (Hz)

10.0

180

12.0
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-..|

-
-

I 50 mm
—F

\_0 _Tn_’l 20mm

3

Sand Surface

F
o
o
>
£
£ 1300 mm
o
LN
30 mam Steel
A T 20 mm Aluminum
—a R k |

¥

B 7.10 $-3] Hhlc EHCE) < & W
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Bl 7.11 SAP2000 4 47 #8482 53 #ciE -3 B

(o]
th
(=
(=]
(=]

K, =2.51626688 £~ 61.57903956 f.3 + 751.69592131 f2 - 3,283.52208461 f, + 2,995.98491732
R = 0.99999843 »
20000

15000 ’

5000 .

Coefticient of horizontal subgrade reaction, k;, (kN/m?*)

o

0 o
5.0 6.0 7.0 §.0 9.0 10.0 11.0 12.0 13.0
Frequency, f, (Hz)

B 7.12 SAP2000 #iciE » 47 ¢ > 7 a3 s rudp F g R T A g 4 ekl %
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(KK pet) = 9.4722r,,,,,5-33.945r,,,,.5 + 44.578r,,,,, - 23.632r,,,,.> + 2.6344r,, .7 - 0.1055r, .+ 1

0.9

0.8

0.7

0.6

Ki/K et

(kb o) = 10,3431, ,,.5- 36.587r,,..° + 47.393r,,..*- 24.789r, .7 + 2.7518r,,,.7 - 0.109r, . + 1

0.6

0.5

Ki/K et

0.4

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Ty ave

B 7.16 & #ciE A7 F P2 & R RT AR 4 e T I fpat R RV

2 BTk
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kh;’k h,ref

—Lzvel ground

0.9 7
—Sloping ground

0.8

0.7

0.6

0.5

0.4

0.3

02

0.1

0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
ru_.ave
B 7.19 kT3 45 gr pF AR e 200K T 2 R 4 (il T BRI B

1 — - —=====

09 .

08 i

0.7 s

0.6 ‘\\
£ 05 X ™
. \\
- A

0.4 N \ N\

\\
0.3 ——Math model
— =SAP2000
0.2
Leeetal (2011)
0.1
====Twasaki et al. (1981)
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