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Rigid foundation(mass=0)

HR

m Q=K

e

=

K, Horizontal impedance, Kig: Coupling impedance

M=KRR
a/\

o——:Q:KHR

HH

Kya: Coupling impedance, Kgg: Rotational impedance

F——

Uy: Horizontal input motion

¢ : Rotational input motion

Kyy: Vertical impedance
(Dynamic impedance)

[ P=K,y

I &

[p———

Free field ground

O

1
1
I
1l
]
WUl

[
W, Vertical input motion

(Foundation input motion)

Fig.2.1  Schematic of dynamic impedances and input motions of pile group foundation
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(a) (b) (c) (d)
(a)Complete system (b)Soil medium
(c)Piles (d)Piles composed of soil

Fig.2.2  Dynamic sub-structure approach to evaluate stiffness matrix of soil-pile groups systerr

(Cylindrical Load) (Disk Load)

Fig.2.3  Loading conditions to calculate Green's function of pile groups

(Cylindrical loads for pile surface and disk loads for base are applied)
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Fig.2.5

Fig.2.4  Analytical model for Thin Layer Element Method

b
Yi-i=- o
Y NG XD
77 5'?)[ AT
yiv '. X

i - Pile

Force and displacement vectors for calculating flexibility matrix
at pile heads
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2.22

Fig.2.6

{b) Four piles

Pile

Diameter: 0.6m
Length: 7.5m

Pile arrangement of analytical model

Fig.2.7 Force vectors at P1-pile head

XS

0.6

7.5

Fig.2.8  Soil and pile model for correlation analysis

®

{unit: m)

Table 2.1 Sail constants for correlation analysis
Layer S-¥ave Mass Poisson's | Damping
Thickness | Velocity | Density Ratio Factor

(m) Vs(n/s) | 7 (t/n®) v h (%)

® 0.3 162 1.80 0.219 2.0

® 1.8 225 1.80 0.179 2.0

&) 1.6 288 1.80 0.292 2.0

® 3.4 288 1.80 0. 429 2.0

® - 510 1.75 0. 459 1.0
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Fig.2.14  Dynamic impedances of single pile for different pile constants
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Fig.2.15  Dynamic impedances of single pile in different soil conditions
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Fig.2.16  Normalized dynamic impedances of 4-pile group for different pile spacings(s/d)
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Fig.2.17  Normalized dynamic impedances of different numbers of piles with pile spacing s/d=3.0
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Fig.2.18 Pile group coefficients with different numbers and spacing of piles as parameters
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Fig.2.19  Input motions of single pile

: . Fig.2.20 " Input motions of single pile
for different pile constants . 46 -

for different soil conditions
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GL+24m O RF

GL+16m O 3F
[Analytical parameters]
Pile diameter (d): 1.0 m
GL+8m O 2F Pile length (L) : 20.0 m
Numbers of piles (N): 4x4, 5x5, 6x6
IF Pile spacings (s/d) : 3.0, 5.0
GLO = Shear wave velocity of soil (Vs):
300 m/s{Homogeneous sail)
150 m/s, 300 m/s(Two-layered soil)
GL-20m — U U U U™

Fig.2.22  Superstructure-pile group foundation model for earthquake response analyses

Table 2.3  Physical constants of superstructure model for earthquake response analyses

Numbers of { Mass No.| Height of Weight Inertia moment Sectional Shearing
iles t (cm) ton) (x1 0'% om? moment area
p S Ory ( .cm ) (x1oacm4) (x1o4cm2)
RF 640 _
3F 800 640 _ 428.8 1.28
4X4 - 800 960 : 428.8 1.28
428.8 1.28
IF 800 960 0.608
EF 00 iggg - 670.0 2.00
5%5 i i 500 670. 0 2.00
. 200 ° 670.0 2.00
1F 800 1500 0.950
o 1:3 - 964. 8 2. 88
x5 | o S 964.8 | 2.88
o 500 2160 964. 8 2.88
1F 800 2160 1.368

Young modulus: E=210 tem?
Damping: h=5 %
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Fig.2.23(a) Dynamic impedances of 16-pile group with pile spacing s/d=3.0 and 5.0
in homogeneous soil, and pile spacing s/d=3.0 in layered soil
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Ul Ug [
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\‘\" =] s/d=3.0(Homogeneous)
s/d=3.0(Homogeneou\57\ /_‘/\\
0.5 e 0.01+ it
s/d=3.0(Layered) "1 s/d=3.0(Layered)
/ s/d=5.0(Homogeneous)
I Lt
0.0 00L =2t T
0 2 4 6 8 Hz 10 0 2 4 6 8 Hz 10
Fig.2.23(b)  Input motions of 16-pile group with pile spacing s/d=3.0 and 5.0
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Fig.2.24(a) Dynamic impedances of 25-pile group with pile spacing s/d=3.0 and 5.0
in homogeneous soil
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Fig.2.24(b)  Input motions of 25-pile group with pile spacing s/d=3.0 and 5.0 in homogeneous soil
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Fig.2.25(a) Dynamic impedance of 36-pile group with pile spacing s/d=3.0 in homogeneous soil
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Fig.2.25(b)  Input motion ot 36-pile group with pile spacing s/d=3.0 in homogenecus soil
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Fig.2.26  Acceleration response spectrum and

time history of input ground motion 6“4*”“"‘”4'“'"“"”""“s'éc'"'glo

Fig.2.27  Acceleration response spectra and time
histories of ground motion at surface
of homogeneous and layered soil
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Fig.2.28  Distributions of maximum response acceleration
in homogeneous and layered soil
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Fig.2.29(a)

(c) N=18, s/d=5.0, Homogeneous soil

Transfer function

Transfer functions of R-floor to ground surface

and acceleration response spectrum of R-floor
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Fig.2.29(b)  Transfer functions of R-floor to ground surface
and acceleration response spectrum of R-floor
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Model A

and shearing force of superstructure
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Fig.3.8 Dynamic impedances calculated from test resuits
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Fig.3.9  Soil model for correlation analyses

Table 3.1  Soil constants for correlation analyses

S-Wave Velocity Ys(m/sec) Mass Poisson’s | Damping

Density Ratio Factor
CASE(1) | CASE(2) | CASE(3) | CASE(4) | 7 (t/m®) v h(%)
® 180 162 153 144 1. 80 0.219 2.0
)] 250 225 213 200 1.80 D.179 2.0
® 320 288 272 256 1. 80 0. 292 2.0
® 320 288 272 256 1.80 0. 429 2.0
® 510 510 510 510 1.75 D. 459 1.0

Table 3.2  Physical constants of pile and foundation block for analytical model

Mass Young's Poisson’s | Damping
Density Modulus Ratio Factor
r (t/n?) E(t/n® v h(¥)
Pile 2.4 2.4X10° 0. 167 0
Block 2.4 Rigid Assumption

-80-



L Ag paye|noeo dnoib apid-y jo seouepaduw oiweuAQ

|‘ase) | &'9SED

(W/uon)g0 kX

>>Y_

09

00t

oL e bid

i i .

001

(jeyuoziioH)

0¢

(wuong0Lx

-81-



x105(ton/m)

(Horizontal)

1.5

1.0

0.5

0.0

10.0

5.0

2.5

0.0

2.0

0.0

Fig.3.11 Comparison of dynamic impedances between test and analysis results
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Fig.3.15  Observed acceleration time histories of No.1 earthquake
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Fig.4.12  Vibration modes of Type-B foundation
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4.2.3 RBEBITEROLE
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Table 4.1 Soil constants for correlation analysis of Type-A foundation

Thickgess | Velbersy | Weign | | hoaon ® | PaEEine
(m) Vs(w/s) | r (t/n°) v h (%)
@ 9.0 300 1.8 0. 46 5.0
@ 4.0 180 1.8 0.46 5.0
® 6.0 250 1.8 0.46 5.0
@) 10.0 180 1.6 0. 46 5.0
® 7.0 500 1.6 0.46 5.0
® 8.0 180 1.6 0.46 5.0
@ - 390 1.6 0.46 5.0
Table 4.2 Soil constants for correlation analysis of Type-B foundation
Layer S-Have Unit Poisson’s | Damping
Thickness | Velocity | Weight Ratio Factor
(m) Vs(m/s) | r (t/n%) v h(%)
@ 5.0 85 1.75 0.48 5.0
@ 3.0 120 1.65 0.49 5.0
©) 7.5 260 1.8 0.48 5.0
) 2.0 230 L7 0.49 5.0
® 5.5 490 2.0 0. 47 5.0
® 3.0 540 2.0 0.45 5.0
@ - 545 1.85 0. 44 5.0
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4.3 BENMEROSA YL -F v %4

HIEE TOBFA BT, SFHLL LI EAFNEBD LR TR Y E T 2 B
DIREIRBFPLHEEL EBNA VE - XV ARKL T, SRTHBEREY A VAL I
V—Ya VEITRITO, BITEOEMMARIEL L, £, ZhoREEROS VLY -4
YAL, RRIEZLOType- ADBMERO A VXV A%, HER#O VY
— X VAL BEFE[MTLOTHEZ L., Type-BOMTHEHET 2HMERO A V- &
YARER HASHMBRC L IFHWNEL | EREFCR I V- XY A
EAETENTH 5T ERFH-Mf TSRz,

TZTE, SODOBMEROS VE-F UV ACDWT 2OEEESREFFHL ), X
BEATA=ZE LEBRITO, YEHNEROBNPRCOVWTHRD, £k, B
ERBICHEAAEBOA VE-F VAL TIZEICLY, BREHOA VY -FY
AXDOTESWEMCHIN TS,

4.3.1 MEBEEATA -2 L EERMRORN

WIS . Type- AMIEERE TIX567, Type-BMEH CRMUTONEH 2F TS,
INOHEMBEROA VY- X VARDWTEOEFRFEEARD W, Fig. 4.20&Fig.
4. 21 Zh ZhOBRERC OV ORT & 5 i, Bih SRay BEMTENE LT
> IBEOBA YE - XV AR KD, BRAMRC LI BAREEHEE A VY- XV ADME
DB DNTHRET B, BTt . ERABBOHER LR L TIUTOEYN TS
%,

@ Type- AFiEERS
'ﬁ*ﬁN:l,md,&&4%,&&7%($ﬁ%%mﬁ%?603
CHER : WL ER() 0.66m, BE® 0.11m, FiK(L) 48m
C M EE(d) 0.6lm, BE®) 0.096m, MREWL) 48m (56FH16
FEA)
KRS s . (xFED s/d=8.4, (y 7iF) s/d=4.8
- BT EE K (x) AE, ETARA
AR . TRBERERE TV
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@ Type- BiiZEs
CHUER N 1, 2x2, 5x5, 5x9, 5x13, 84 (RMIEMICHLT S, )
"MEH : RCH EREW) 1.5m, HEL 12.5m
* RCH EEW 1.1m, AEL) 12.5m (B4kb15Eic(EH)
CUEIRR s 0 (xHED s/d=2.0, (y HED s/d=3.7
TR D OKE (x) KA, ETHA
CHBRN D CEREMEE L

FENTRER & LT, Fig. 4. 221 Type- A Fistpt | Fig. 4. 231 Type- BIEBIZ DT (4-2)
AR LI, BROKES L O L THEOBMEINE (£=0, B0 B 54 v — &
VR%%)%ﬁ$ﬁ?ﬁ$kthﬁ@m¥4ye—ﬁyzaiT4yz—ﬁyz%%?o
Fig.4.24, Fig. 4. 5 idEie i 2 54 YE-—X UV ADOHIRMEREL L TR R 2
NENORBREOKRERB L L FTHROBRKFY (o)) 27T, i, DAL SRS 1)
m¥ﬁ%4yE—yyz@%%ﬁ%ﬁw%ﬁ%%mfﬁbkﬁﬁ%ﬁ%ﬁﬁ?%o$%K\
KREABOFHHFEBICIE . HORBIC L BB R 3 LD . EHOEIHE Cy 7m)
DREREHELTOD, i, Type- BREBIZO W TIRILEBABE WSS F L ¢ s/d=
LODBERLHEL T3,

@i= K/ (N-Ki*) i=Hi GkEF@E) , W (EFHR) (4-2)
Z ke,

Qs .ﬁﬁfm’:ﬁ

N HEH

Kﬁ:ﬁﬁ@%%%&(f%i%mam%%438~ﬁy2%%)

(1) Type-AHBRBEDH S

Fig. 4. 22173 Type- AMBH DK T, EFA V- XV ARDOT, UTFDZ &4k
mces,

) ﬁ%@{ye—ﬁyzu,$m®4yE—ﬁyzmw&L1m$ﬁ®EMttbw%
%\ﬁﬁ@%ﬁﬁﬁ&@%kﬁﬁﬁmmb\m—iﬁtbuﬁﬁkbh%ﬁ\m%mﬁ
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LEFOEREERALD, BRHNRMEDLR D,

@ tiEOOEHELT, H2ETT- B Y- XV AOERHEOBREHERD S .
B4 Y — XV AOBEESHOE R, LS OeBEESARERBOBHEITR
B, BT 3R, M OMETFHBIC & > T YE - XY A0 BREHES L E S
ZWBIZERRLE, fEoT. ERMEHO & 5 WNEHAS  RREFVREROE SR,
B L > THEEh A EHAMNAL Rd kb, MORBL EbTBHEShIRERR
DEBAE S poBE ), BEROFELFECHEEZCRELDTH D, £, Fil
EROEDL . HERALBHNE . EHEAFENS VD | MHEEES 2D RV
Mr OERME LRI DA VE—F Y AOBEHMEOEHRFREC K> TELI LK
&%,

® AF. LFAvE—FYAOREREEOBRVE, ThEhoiERC L) BHESh
AWEHAS OB E Y | BT RE OB B ORI, B TEVHEER L D8
FLHELTWBEDTH S,

@ HABOBRVWE LB VE-FVADEEAD L, KBS VE XV Rk, AFH
DI & - TI2EE CIRBNTED . SO FARBIFEOELAREC D —7,
FFAVE~F U AL, HEASOMMEEbTS YE—F Y ADBREIFESRE (K
{ELTnd,

® FROO\EELT, KPS YE-X VAR, RERL REFRRO VY-V A
DERMIEHE L ISR L TV 2 v, SEAERO LS CRERTHROMFRIES
NE VTR B0 SRR e L BHBRCRET 54 V¥ — ¥ Y A0 BB
DL REECHA TR b eELbhb, — . EFAVE-X Y ADOKE, &
O ERNISH L . BIREBRTELLAKE(EPHTH D BHOA Y- X VAR
WERTAEAETRLTCOD, ZOERE. Hb S OR#EFEREMICZ SN, §
hbhbRBEORENE kdCoh, BETIMAZONAIOMCRONTIS
HDIEBFEEANE L RY | SEMPEHIM—FDA V€~ TV AHE & FlisR
M. ORECIELTL D THD, 202 Ehb, ETHATR, HAKHLENT S
CONRBHBOREC LSS Y- XY AOEICH, REERCERC LD Y
-V AOEPEZL 25T EHNEHTED,

® KT, FFAVE-XVAQBECERT L. EROBRBBBRTHE2ETRIILE
1< A OB —F %4 72 ) ORMESMET L T 5, BRI CRBICHRE L

- 121 -



RS OREC L > TRIEBBAE LD, ETFTHAATRERICERKE L R BIE
B bLHEh T3,

@ A VE-FYA0RHI, EKRBHH CREBRCHEWVERRL TW3A, SRBM T’
MEHOEMZ O —F Y2 ) OFEEARIT LERICHARKEC RS, Zhik, ¥
FHOEMPREEMRE 552 L kD . BROREIK & > TR X h 2 MRS
ML %D hHTHB,

® Fig 4. 2407 L BB TS L RBRERTHD L, KE, ETHAE LK
BRICLDMEBETHEBCER TV S, ¥, EZEBEEHS R BRI B E
ERSHIGL TH D, B OB & BRSO B OROBIL 2 TET 3 2 L 0
AMEDNHEITE D, AFEARORNTIE y HRNEC DO TR BRER L L ©
WOR, FRERTRXAH. yHFAOERIEEALYZ SN, HORBABEHSE
SE2B5RENWNECT ERFIBLTWD,

(2) Type-BHiEHEOBL
FmAJMﬁﬁﬂw&Bﬁ§%®K¥\tT%VE—ﬁyzmomT\J%F@C&ﬁ%

Ec& 3,

@ LT4VE~ﬁvzfm$ﬁﬁ%wﬁéwﬁwﬁ%ﬁwﬁmﬁ&%héﬁ\mﬁ\t
Tﬁﬁm%ﬁ\m%tb%ﬁﬁ%ﬁ@%kﬁhﬁrAﬁE%KthTE%T&%o =
ﬁﬁ%%@%%\TW&Amﬁﬁm&mLTﬁﬁﬁ%\mﬁﬁﬁmtw\&E%&%ﬁ
ﬁ@ﬂ%%ﬁiofﬁh%4yE-ﬁvzm%ﬁﬁ%ﬁwﬁkﬁ\iﬁﬁﬁ%ﬁﬁ@?
Mﬁhrm&mtbfééoLT{yE—ﬁyzwﬁﬁ&%ﬁmﬁm@\mxﬁmﬁm
ttb&mmﬁﬁﬁ%ﬂ%%mﬁ&&étm\mﬁﬁ%ﬁﬁmﬁtwﬁﬁﬁ%ﬁ%<m
DlHTHB,

) mv\LT4yE—§y2®@K§E?5t\%ﬁmﬁﬁﬁﬁﬁ?%Zﬁ?&ﬁbh
w<miﬁwﬁmuﬁhm—xﬁtb@W&ﬁﬂ?brméoNg&%ﬂﬁbt%%%
&Tﬂﬁkbkﬁﬁ%ﬁ?&%t‘mﬁ\tTﬁ@&bﬁﬁﬁ%Ki%WﬁﬁT%ﬁh
Th%ﬁ\*WﬁﬁtkmLLTﬁﬁTﬁT®Q%ﬁ¢éh:tﬁbﬁéoCwﬁmt
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LTﬁﬁT&i%ﬂ&?@%ﬁmmwﬁéﬁk8<&0\ﬁﬁ@ﬁ&%ﬁﬁ*?ﬁﬁﬂ

-122 -



gLk Th 3,

Q@ MEBEEEARG (s/d=4.0) OFHR, KE, LFTHAL LEEROBEANE <
%5 O CREETOEEINE v, i, KEAHORIZIR y FEMEC TR
REMBRELHEEL TOR, xHH, y HADOZRBEALALhRVERTS Y .
ERORD . HAHAC L IMEEOHEWNEINT EAtbrd,

@ ZEBERDPORDLEAGARE, EAARER L L OBMEROBITEYE B CHmL .
ERIMBEHOK TR CEARZRC LDFENNE W & | BROBYRINE & BiE
A OrrRERFET 5 Z L 0FEMEAHIETE D,

® AVE-FXUAOEHR. KRB CRBENIGTNERZRL TWAA, BIREEUST
BRMFROEMEOh—FY L h OFHAR» EERCHEAKE RS, ZOHA
BRETHETHEETH) . MAROEMPREERARS ARSI EICLD) . B ORE
Lo TRHEZNIMBERSEL RS0, KEARCHEBEL TETAARTE,
OIRENE — FOBHRD» SEER 5 2 ZHBFEEPECEHETRATVWL 2D TH S,
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Pile arrangement for calculation of pile group impedance (Type-A found.)

(Surface)

(Pile group)

Foundation type for comparison of static impedance (Type-A found.)

Fig.4.20  Analytical model of Type-A foundation for calculating impedances
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Pile arrangement for calculation of pile group impedance (Type-B found.)
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Foundation type for comparison of static impedance (Type-B found.)

Fig.4.21  Analytical model of Type-B foundation for calculating impedances
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Fig.4.25  Pile group coefficients of ditferent numbers of piles for Type-B foundation



4.3.2 EREH, BALEBOBIRE L OB

FETR, 4.3 1ETHRET L 2Type- A, Type- BHEB Y L & 12 L THEM S A5 A —
ZWLRBERERY . The Sl EiiEe b OEBEER, EALEROBORIE S
THT EWEDAERE - R ROHIRE (1 V-2V RAEH) COWTHRS, 20
BECBOTR, 2O0EBHEROAS VY-V A LBIFRR L OB L higEs h
foy Type-AMEBD A VU — XV AN EHEB L IZEEMTH ok L2, Type-Bik
ERETIHIEAAMRIC LD V-V ADFEEINEL | EWEFOR A Y — &Y
ARTEAITH o EH L TLEERITIZLET S,

LBIRET R OEROMITE T A%, Type- AMEBAC DWW TlEFig. 4. 200RL = & 5
EEHEHEEL . Type-BHEBICOWTIEFig 4. 21mL & 5 WCEREER L~ L 2 [F—
ELREZREREEEAAEME Lk, BITRER, 43 IS TE L RFREAT A -4
ELURMER E BN TES &)1, BRERABMORLEEA LI ORBINR & 2
Bel e, ¥i, BEEH, SAAEFOBHRMEOBER, 4.2. ORRER QBT
TAWEZRAEEEZZCE SO LEFECLNIT>Tw5, kB, SMEHTEL LM
WERHFRUTOEY TH B,

@ Type- Attt
- U (ERE ¢ 2x2 (5.55mx3.15m) ,  3x3 (11. Imx6. 3m)
4x4 (16.65mx9. 45m) , 6x6 (27. 75mx15. 75m)
7x8 (31. 8mx22. 05m)
-BUER ;e EEW) 0.66m, AE®) 0.1lm, HE() 48m
DogEEET E&W) 0.6lm, BE®) 0.096m, HiR(L) 48m (564
1641z {5 A1)
- BIEER s:  (xAED) s/d=8.4, (yFm) s/d=4.8
- BTAE L KE (x) , Bis, ETHE
- MRS L TREBREMBRET L
@ Type-BHER
AR (GEEE) ¢ 2x2 (3.0mx5.6m) , 5x5 (12.Omx22. 4m)
5x9 (24. 0mx22. 4m) , 5x13 (36. Omx22. 4m)
84 (51. Omx22. 4m)
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CEAREER 16.5m (—E)
HEH : RCH EFEW 1.5m, MRL) 12.5m
: RCH EBERZW) L. lm, RN 12.5m B4FHISFFER)
- MUEIRE s: (xAmM) s/d=2.0, (yAHm) s/d=3.7
B AE L KE (k) , @R, ETAHRA
RS D TREREMEE T

MRS R & LT, Fig. 4. 26 Type- AMTEEER. Fig. 4. 27T Type- BRE# I DWWT (4-3)
NTEHEL RERBENREL/NE V2 x 2FOMERICHY T IEBEROKT, HiEs &
CLETHEOHOEME (£=0, 25028154 Y-V AEE) L EMIBEHLTL - TH
Bl 22h Th OB OSE(LHNRELTRT,

Ki"(Normalized) = K™/ (K.* * Ln/Las)
i= W OkFEHFA) . W (ETFHED
(4-3)
Ki"(Normalized) = K."/ (K:®* (Ln/La)®)
i= RR (E#RHME)

Ko™ D NI T 2 HBE % b DR ORaRIK
Ki® DA RERCHEY T 5 ERER 0 M R
(FRCTRT £=0. 5022 B B4 V¥~ XY AKH)
X [ %5 £ F
Type-A  2.17x10°t/m  1.87x10%m/rad.  2.77x10%t/m
Type-B  7.43x10°t/m  4.09x10%tm/rad.  2.20x105t/m
Liv O NFREBCHE Y& 2 B o Raig
Lo D AXHERCHEY T 5 EEEM O HeiE
Type-A: L4=5.55m
Type-B: L4+=3.0m
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(1) Type- AMEROBHS

Fig. 4. 26Wn g HiAH (BB 2L € R OMEE & EiEROBERITE D H i
Do, LEHMERTREROLE S CHDLFRE, ETHEE b EZEE OB
IBIEFEMERD . MIC L ZRMEOEMAZ SR, Eh, EHEAECOWTIE., EiE
DG PO L TR & 2 EERINE 0 f2 b5 0 B SEMI M A3 T 2B sk L &
gD, EREOHRCHOZOHMBL/NE R Y EEER L ZEREE k- TW
Do THHDT ENL, KIFERD L ) CHOITLRAZBENNE C RREME . BXiE
PREWEERERTRORELED 2HENPFTEDLIN, kF, L THATEHOEE
Wk DTAEIRN NN ERERTE S,

(2) Type-BHiEH g4

Fig. 4. 2T A (BEE) 223 LHOmER L EERSE ., BAABKBOHN
FIRRE DB S | MEMEBEROHE ., KFE, iz, LTORGTHE bk K2Rk
MAED S B, FFiC, kF., BiAETE, EREFEVCBESCRZOMRREEL <,
EBEAKE VIHET O EEEE, EALERO 2 EEEOMMESPFTEIZ Loy
5, ¥k, FFTAACBOTLMI LZRIMOEMBRE Y, ETHROERERICHT
SMERORMEEMMOHI A, KT, BEAFREERERC LERFBOEVWCL>TEZh
BEELEBY, ZOEBE LT, HOKFEARE L THBRMPETIEEBIEROEF S
Bz, FTHARFSBMEOS MR TORNIBKECRD, Fig. 4 BKERL LI
KRPH AN L L B R L ARIMEETOEENNE VLD TH S . AR O
BIME ., KT, Eis, ETFHEELEBIEAKL E (2D hERER ORMRIE TS
CHERETRL TWD, TR, HA KR RO BB O &2 EEEEE T ORI LK
LTNEL BB EHTH ), ERAEH TR, MERORMECHE L EASIC L DRAHED
AR EACHFETERW I EMBEATE S,
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Fig.5.1  Principle of centrifuge model testing
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Table 5.1 Similarity rule in centrifugal model test

Quantity Full Scale  Centrifuge
(prototype) Model atn g's

Linear Dimension 1 1/n
Volume 1 1/n®
Time :
Dynamic Events 1 1/n
Hydrodynamic Events 1 1/n?
Velocity 1 1
Acceleration 1 n
Mass 1 1/n3
Stress 1 1
Strain i 1
Density 1 1
Frequency 1 n

- 143 -




5.2.2 EBHE
KR, DU 72 A7 IRAZCS 2FHEEL 0m (BAFABTMEEL ) OFL

WHEEEHOTITok, Fig.5. 2@ CEOBEFEEBOBENE R . FEEICE,
BURROEDCAT-HHEOHEXBNIMEELREL T 5, BEREOFHRE,
Fig.5. 20D WRT LI KEXI2 TMDO7 A I =2y ARBREABERLZLOTH D, X8
BEHR —ART Y VTR0 L THBEOE AKIRINCEMT 2B8E L e > T 5, HMRHER
BREOWTEE, FH: 356mmx 178mm, HE: 254mTH 5,

AERE -8 7L OB IIREIR K . IR AL & SIFIRDHIRN O 4 R ELEERY
EHRELTITO, ADMEELAXLDOBNE & DB & ORBBOGER L T
D0 HRIFOFCIEERSOg & L, B S0EROMBERER P E 2 TS, Wi
BRI L RETRIBR OBE $Fig 5.3 ¢, Fig. 5. 3RL A7 — LIk, EOIHES g
REXRGEORYPA T — VICRBE L RETRLTWS, ERICAVENOEER L, =
WA — N TEE 48m, FELm., BX10. 7TmOWENCHEY L . MO0, 9
x10°t. m* T %, HMBIHERD2.5E (1.2m) THD, FIEHIEICRT 5w L ik
Bl MRABEEORME LT, i, EEREWAY — L CEES. JtonORIHER
BICHYT S,

BRI A R EbE . FI9RR0. InndNevadafbt120% v T 5, R AR D B
SLEEIRERIZL 47t/m°, AU OB RHERIRL 08t/n° T b | MR EEIE43%T
Boteo BB, EHADOYWERBEREY LTWRT,

Ltk E G. 2.66
BAHBEEE € max 0.83
B/NEIRLE e nin 0.51
BERE U 1.95
F R & Dsolom) 0. 10 ‘

BBk E LTk, K (BEL EBSK) ¥*EuTuns, P&-T, Table 5. 1RL A&
S HBFKOWBICEY 5 MRt O YRR O R & — MEHB LI NMEL B, &
hestBEF—0ffEL T 300, BEAL L TRDL/NEOFEKER H b DR A
FHCTRHAY — L e 8b¥ D EATHETH IR, KERTRHOREREE DI
BOKBCHBEL NI WIS, MR EOLECHIESNERER S5 2 2 BB RRT
BRI EFEFL, BMRAE LTAERAVBZEEL A,

- 144 -



R ORIFI ., & PR P ARNCHECHEL . RCEBONBROBT LEL
LI EHEHBACHLAK, FOIEES) g ORETHBRBERNOEZSITS L5 FIE
TiTo oo EMHBORER, ENNEE ] s OREBTHEERETHEC LT %,
MR TR AR HIK T L kg, BEKPETL CTEYEL £, ML L, H
IR MoZen (BMA 7 - Tllm) 3 &5 CBREL . SR TIRIATLIK
KETIICKELEZW 1 enhR AL DB Lk, MEREHBNCHRET DL, HMED
EHARREICIEHT 2 enDBRE R ER Y . MIESREIR RERRE ORISR & AR - D&M R AR T
Dk, HBREEOELHScnOEBEEL TEFL &, E6K, WEiE2CHMEED
e R MIRERANC Z OIEES0 g DRIETH200 MR OEB,1T- 1,
Z OR, B R OMEBR CHL. 2eniL T L. AR RMBEE EFig 5. 3wl kD
w20.8cm (EHA r —c10.4m) THolk, Fle. ZOREBTONESES L V&R
DO BWFig. 5. 3R LEENTH S,

SHANG . EEE W EEEFAH4 (Model EGI-160F-500 Entran Device) % . 4 ZH D
M LR E -2 Y bHIIBO O § HESGI~SCTRFREL 2, ¥ o, A INRE
FHAH1I~AH3, REPA/KEEPPL~PP4 (Druck Model PDCR8L) | FERFEALETLTI~LT3 (Model
S00MHR LVDT) ®E&BL %, ThooFtlEoN, B OMERES L ANEMEHE, i
BB T 2MBEHOBRCE DI Twd, 2R, fifE—A Y Ok, B
BOHAR D EERIFIZIESGI~SGTD 7 HFFTCIT - T 5 A, SIFNEDI A% T I IR ER OFHRI
280U 7272 9SG3~SG6D 4 HATC iz LT,

IEERRE | BB L SRR AR N O MBI R L T, ANREROIEE L L
OB E X REREITo TS, MBEROESR (AH) CHREhEANRRIE
BiE (EWAy—L) WUTOEDTH B, ADHERR. 1940%F El Centroi ONSHSY
BRHVWTWS,

- 874289 (Dry sand) #bA%
TEST-D1 (Af AR EEE: 85 Gal)
TEST-D2 ( " : 203 Gal)
- fuf0#b (Saturated sand) i
TEST-S1 (ADiEBAIEAEM: 100 Gal)
TEST-S2 ( " : 250 Gal)

- 145 -



‘ﬁr”/ Hydraulic sliprings

Closed circuit TV camera
i Basket assembly
' Hydraulic cylinder
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Fig.5.2(a) Side view of the centrifugel®l
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Fig.5.2(b) Sectional view of the laminar box with some transducers(68!

- 146 -



Pile foundation model

| Earthquake excitation

Centrifugal acceleration

(Schematic of pile foundation model during centrifuge test)
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Pile foundation model —
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[__AH] Base )

(Unit: m)
AH:Horizontal Accelerometer SG:Strain Gauge
PP:Pore Pressure Transducer  LT:Displacement Transducer

Fig.5.3 Centrifuge model of 4-pile group foundation and transducer arrangements
(The dimensions in this figure are described in prototype scale.)
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Fig.5.10 Ratios of the smoothed Fourier spectra at the pile cap and GL-0.75m to those
at the base inputs in TEST-D1,D2 and TEST-S1,52(by five times Hanning window)
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Fig.5.11  Comparisons of acceleration response spectra of pile cap and soil

during TEST-D1,D2 and TEST-S1.S2
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Fig.56.12  Comparisons of maximum bending moment distributions of pile
during TEST-D1,D2 and TEST-S1,52
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Fig.5.13  Bending moment distributions of pile when maximum bending moments
at each location were measured during TEST-D1 and TEST-D2
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at each location were measured during TEST-S1 and TEST-S2
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Fig.5.15  Lumped masses and bending-shear elements model with lateral Winkler
springs for soil-pile foundation system
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Table 5.2 Physical soil constants for correlation analyses

Internal friction angle: ¢’ 350
Void ratio: e 0.69
Density: +,(t/m?) 1.98
Permeability: k(cm/sec) 5.2x103

Coeff. of earth pressure at rest: K, 0.45

GL Omj ]
1
_’J_}
L
-2.0m} N
=
S -4.0mb .
Q
-6.0mt -
Dry sand
-8.0mp -
-10.0mf ) , 1
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3000 3500
Initial shear modulus G, (t/m?)

Fig.5.16 Variations of initial shear modulus with depth
for the dry sand and the saturated sand
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Fig.5.17  Liquefaction resistance curve by analysis and cyclic simple shear tests
of undrained saturated sand
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Lateral load P
pmaxt)
P = Ksoy/(1 +KSOy/PmaxO) ,//
/
Kso //
~
Displacement
Ks = Kgplo/o'y)12 V P y
P rax = FDmaxo(c’/o-,o) /’,
/-~~~ |0 : Effective stress at each time step
o'y - Initial effective stress
“““““““““““““““ Prao

Fig.5.18 Non-linear lateral load-displacement relationship of Winkler spring
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Fig.5.19 Evaluation of initial Winkler spring by ring load in layered stratum
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Fig.5.22 Comparisons of predicted acceleration time histories
at GL-0.75m and pile cap with TEST-D1,D2
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Fig.5.23 Comparisons of predicted acceleration response spectra
at GL-4.8m, GL-0.75m and pile cap with TEST-D1,D2
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Fig.5.24 Comparisons of predicted acceleration time histories
at GL-0.75m and pile cap with TEST-S1,52
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Fig.5.27 Comparisons of predicted relative displacement time histories
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Fig.5.28 Comparisons of predicted pile bendimg moment time histories
with TEST-D1,D2 and TEST-S1,52
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Fig.5.30 Comparisons of predicted acceleration response spectra
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Calculated non-linear lateral load-displacement relationships
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Fig.5.32 Calculated non-linear lateral load-displacement relationships
of Winkler springs in TEST-S1,TEST-S2 analyses
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Table 5.3 Ratios of degraded lateral spring values
to initial lateral spring values

Dry sand Saturated sand
TEST-D1|TEST-D2| TEST-S1|TEST-S2

GL-0g| © 0.40 0.21 0.34 0.11
(KZ)m B 0.24 0.12 0.18 0.017

GL30o| o 0.44 0.24 0.41 0.14
4)m 0.37 0.20 0.29 0.045
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Fig.5.33  Superstructure-pile foundation model for earthquake response analyses
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Fig.5.34 Soil shear modulus for evaluation of lateral Winkier springs
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Fig.5.35 Acceleration and displacement time histories computed
by the free ground responses of Model-1 - Model-4
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Fig.5.36 Ratios of excess pore water pressure to initial effective stress
at each depth computed by free ground response of Model-2
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Fig.5.37 Acceleration response spectra at ground surface and GL-5.0 m
obtained by free ground responses of Model-1 - Model-4
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Fig.5.39 Computed acceleration time histories at RF and 1F of Model-1 - Model-4
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Fig.5.40 Comparisons of acceleration response spectra at RF and 1F of Model-1 - Model-4
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