679

IR IT 310 5 HEEYREBRE O /TS LINE
ICBE 9" % ERIIHTF

wmilkE My -ER O #E-dkiE B
ESEGED - Bl E2E

EXPERIMENTAL STUDY ON THE HORIZONTAL RESTORING
FORCE AND THE RESPONSE OF THE STRUCTURAL
FOUNDATION SUBJECTED TO EARTHQUAKES

By Hisao Goto, Susumu YosHIHARA, Masaru KiTAURA,
Kojiro Mivawaki and Masayoshi YOKOYAMA

Synopsis

This study deals with experiments on the horizontal restoring force and the response of a
rigid structural foundation surrounded by surface layers subjected to earthquakes. Model surface
layers used in the experiments are composed with dry sand and fully saturated sand. Vibrating
models have circular, square and rectangular sections. It is shown that the surface layer and
model foundation system in vibration works as a a band pass filter. The behavior of the model varies
with the water content of the surface layer and with the mode of excitation, but the tendencies
of the behaviors of the models are similar,
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FERENK OEE L ERo#E TR Fig. 1 23 (x Table 1 TR+ EHDTH Do BRI W i 44 &
(¢ 267mm), FHMEMER (250 mm X 225 mm) & & CEFEMFE R (50 mm X225 mm) @ 3EHTH %,
R EX 600mm OB OREKT, FTOESIZE YA LAEESOLANTEEL L HHERE L.
CHNERBEVESRE FOBEDEREHRLLEZIDTH S, FHEREERIRS T IHBR HOEBXD %L
T 5D, BMEETRRRZYLE Y71 — 22 HEOD. A EEMEROAERDO YO XY R .,
IDVEBROEBIZERBIZLZERIEHR L. ZOBEITERT I EI R I UERBARPRIBIZST
BRFEHFAOEMHELHEST 50T P(i=1~9, £FEBER, BE-2KC, X £ 2kg/cm?) ¢ #
ElLe (X LHEHEERTES FRORESLL). DHBIRATHEIIATWL2HE40MERTRE
EFEHEERICE, BARBRBUFTIZ2EOKES U, U, (B2AT#E, PMSSM &, HA 0.5kg/
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TIEES 4n (FEAGFILER, FEEH, UADSG, KK £56) 2 IUHBEEAZHATIO0E
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Fig. | General view of experiments.
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Table 1 Dimension of Models.
Model ‘ Circular } Square Rectangular
. Model
Dimension ~~..__ Sand ‘ Dry | Wet ] Dry 1 Wet Dry Wet
Area of Section (mm X mm) $267 250 x 225 50 %225
Height (mm) 600 600 600
Weight on the Model  (kg) 65.5 21.8 88.0
Total Weight (kg) 108.5 126.7 79.0 95.7 117.6 119.9
Height of Center of
Gravity (mm) 529 482 395 337 610 602
Moment of Inertia about
a Hinge (kg-cm-sec?) 364 367 168 174 503 504

BB OB, 2mm 7 v 4 2@l Lz Fig. 2 {OR$ X5 2@ miEihie (9%%% U.=36, H%
& D,,=019mm) % EOREBFMIED)DEHRERS L CEBBOTWREIZL THAW (Table 2),
CoWt, EEHAEX 2500 mm, FEEIFEA S FE S 1500 mm, & 1000 mm OB LD, Th
PHRBELETMELFSOED CEINY S0 cm oBEADEMBEASL51C L. s Lo
REZES0mm FXDyvLir74+—2%§ivo0, BRELIEBHOBERFOEEBLYZILD LIBER
FT2L51T LT kd, $BRDTEENE~BITIEIBIR, BDBoERHOKEEYREAL, 18
BBLTRERTY 2 o7 20X ARBOXBHBLEHBERKE S > # 2 RHA IR ENH KFER
BB, WABERS, ASE-9IT &, HX LW E 5 ton, {FAZKA £50 mm, HFKMIKES 4tonG) EITH

B LTmiE L.

Table 2 State of Sand Layers.

Sand
Dry Wet
Character
Bulk Density {g/cm?) 1.34 1.84
Water Content (%) 1.2 36.3
Degree of Saturation (%) 4.0 100.0
Porosity (%) 49.4 48.4

%

[A]

1
Grain Size{mm)

Fig. 2 Grain size distribution curve.
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FEEAN—EELE S L5 RANMEERE>EO TNRET 28433 %, REHEWELBEMEL, AHE
HBOBRBRE—EW LIctE, ANMEEY Ogal oD REI T TH REMI L IRBOMETH 2,
WICERBELBEMIFEL IR, “WbWw? Sweep Test 0Z L Thbh, AHOMBEERE*—EHITEE LS
FMERBR LD LB CTEBHIC LA IR TRECILEVWIMERETS 5,

YA ABMBIZENTRAN L C2BEOBELAVI. 1 2REKBEHEHR/ 41X (k7 4 F /7 4
V¥ THY, ANMEFED T —2 =7 b v PHBHEWEBEERICDI > T—ETHEL3% 7 &
LW TH Do L LEFBEOREPREOEARSRAE*EZEBL T, ¥5Hz 54 50Hz 2 oI
PO ARBBRSBIER—BEEEINTARE, TO/AXRET I DE Lo D 1 DI BB IR
RTIA D) AR THE, TOBRFOARI " ABBLEONBHEERTIAF—FFL, 20
D REIBR S R ENIDTH Bo

BOBRTERIIIWTHE, BEQOETME (e v Ohb0EX 60cm) 274 v —%Wb 13, HEOH»
PEFAETRET B0 2~3AOBEELBE L 0L, TO—MIZEELIHRBFT L Tvot. 1HOEE
Z# 10kg THH00, 1HOEHELTHM TS T LITH 06Xx100kg.cm OEEE—2 ¥ F3SD BT LI
%0 2F[ER1MORSE LB 0L, HBOEMABIZIZHIELT 2 1 SR ITHBITEBICRY 3744
YA - THLEDEN) FEE L 2T

ERBDICOWTULOER TR > 72 0L, MBTEBBARBIILT, ERPRIIIIRNELRALER
FEYR LT

3. BORFRROBR

A7 HER L WV B O BHBEHTEROBRERT. Fig. 3 L 41, HEHmBEE+zh ZThg
B LEBBMPITRANR LI L ZEOBRE TS 2, HHRCWLWIEHLAMB TS ), SHMBIETHE— 2
Y (FREMbE—-A ), BEBMEEREOEATS L, MP, FBREHRO BREZoGLhEFER
KERBMAOMONIEEXED LTS, Fig.3 [Tk L4BEMBORAERZOIEREZP DY
L DEDDRDLPEMBO LD Ldbh b, ZOMBREELHMBORASHG LIPS, T
OHBMEABEMERE A TRPLE D BRIGEWY, HEBREABAKES 2O NTAEAELEDL, £
el BT hBOBREED L Tndo BRASHMBR EOMEAWEEN/NE » 23Xx10%rad %55
ERELEEAEROBE R, IhiRlEAH Orad b 23x10%rad ¢ ¢oEHAETRARME £,
Et 5k, k=40x10°(kg:cm) ¥ 2, K£BREMBMOBRICERT S &L, HEAHY 5x10%rad X h/h
SRHERY) v PO EBRB L 254, OEABKEL 22 LH$BHERL TS, RERHBRICEN
THEOHABOMEET RS &, HUAEAWN CHRBLERETH 5, KE{ 23 L&kdhE
HRBREbIhTWw5e. THEEEASEEA/NE EHTHRT 2 LBBEIREY, REJTOBESEAL
T RBOEAZ TR, BEABKELE22E7 ) —TREBVDTAOHERKENLEL1LTH
AiLELZLNS, Fig. 4 0RFEPOBS& &KL LTRSE, FBEMBITAKME AR O MM IHL
BbhTwnb, ZHEHMBIKEGATKON 2ol LTI BELELTI Y —FRREDZDTALORET
HAHH LHEEIND. BRASHBG, F£194 72 BoBEEMRSHEEE GO MBRIEORE 70T
ETHINTWE30L LTRAT I E, ERPDOBAI VI LIV ELAZRAENBERNERL, NiEfA

ok OIREFNENI AR A, 74X B LT 5,
Rk BRNMBICH T LBBEN - TOBRKETRATHBOZ LT, XBMIITHLIBROATHE,
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Fig. 3 Relation between restoring moment an ! i1g. 4 Relation between restoring

rocking angle of model,loaded statically, moment and rocking angle
dry, circular. of model, loaded statically,

wet, circular.

1212 10x10-%rad ML % LBRRBRECBHERL T 2. ERPDOBAIRAREZFIERLY, &
BRI 32 FeEET AR k7 2Rk b L, b =14X10° (kgeem) &% B TNEDERBIET B
NEH L LEBEBDRIILEN kS Lok, k/E/=29 LY, AERHREEERE~CR, OEfAY
23x10%rad FCTRIEZ %5, PHNZEETAEELZBDRCEEHDEONIETHLENVZ 5,
ZFEENEER T 2 U LoFRRIZT TN £ =50%10° (kg-cm), k,~=4.0x10°(kg-cm), kr/k, =
1.256 %D, ZOBAKE kr Lk OEEDTIVEDLD RV, BRAHBROKEZ DI ORERDICENT
REEMESREE L HTw2 4, BEPRSWTREEANKE { %5100 THENTER QK 9EF
RROPLE2Tndo WTFNOBEITIEMARHEOIREEOTBROPNET L 5.

4. EFHMRERRBROER

AEHTR1IEABEEOw v ¥+ VIR T2 BEPHBRERRBER L L ZORERODWTEELML
2o AFAHORBIILNT, HEEBOE Y VL hEoBADORERO>WTL LR 5,

Fig. 5 B&RBOMIBREEFAEOMBHEEHLICL 2BEHEMEZENR I T, ERERICHL
REREH T HE L EROFORITH > TREFPNCHGE LR TH 5. AKL Y BEOGSKRBIZL2DL
TR LFEOFEZ FROSME, BANESOPREAECEREEFOZARREZ LIREWHRRE LT
WRZEBALNE, BERZOEE T IVBEINTWAZL2ERT L, HBOKERBOEIH
FOAHRES A L TRIELET, wbOI8KERTHS) LERIND. ERBIZIVWTR—OK
BhEAIT 2 EE Y e 5 &, ERNRBEEOMEIRIKE{, RoCTHEWE FHENEGEED
JETH 5. EEHELRBRIIRSHFMOTERMEO ZHITHE L Thi /NI vwoT, EEMNEOBERERSY
BEHOLERIB/NE L, Lictiso TARICHT2BRRITZLA LB OWNERICI 5 TER ISR
2 TNnBIDEELLND INVERNEEMOFENBIKEL A28HREELOLRL, - HIHEE
OB LEVNESEHEHEBOML Y KEX{ ks TwioR, %+ 2L5 CEAFENEEROES LT
DKEFH ASAHD, PLBIKBR-TEB>L VBB KEZBEHLIEXEL LSRG T ERT I EIC
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(x10%ad.)
J
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(a)Dry . Circular © (b) Wet , Circular
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~ o} f=15Hz 40+
£ —7A7&7&E———GL.
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S~ 30 30|
e
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o ]
M 212 8
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10 10}
W0 20 300 0 200 30
(c)Dry. Square (d) Wet, Square

W 20 00 W00 500 600 W0 200 M0 400 500 600
(e) Dry, Rectangular (f)Wet.Rectangular
Earthpressure ( g/cm?)

Fig. 5 Vertical distributions of earthpressure.

E230LBbNhb. BEDKEINTE, A—BEEESICHT 2 EEOKE 23 MEHEEESIER OE
Ihdookil, EFBNERARBOERE LN, ERPDOBALRIREY, bTHTd o HHEMNE
BREOMBEROFNL Y KEL Ao TWaA, 20T ERREEBIZERT S LEOKTFHFAOFHLK
ExEIELYLEoTHY, SAOERT —20ATR, TRHHLORBRINT I IAEERBEATE LD 2T,
Fig. 6 & 7%k Fig. 5 LRLTH 2%, HBOFREI CORHLEMRBOIEAITL ) whTE(L
LT ah%tRLEdDTH 5, Fig. 6 oMENEHRE TR P.~P, oRHLERREACHEL TEIRL
PlEIcEmM L, —FREN P REBEANWN WE D LBRRBIRD 5. EFEHEEY (Fig. 7)TH,
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- R
Ry
g $=13 Hz ) P2 A
g k;
g 5§
a ~ f=15Hz
: £t : B
i y
Jar T
d B
i i
35 20 £l i %5 30
Rodking Angle (x10) Rocking Angle (x10™)
Fig. 6 Relation between earthpressure and Fig. 7 Relation between earthpressure and
rocking angle of model, dry, circular. rocking angle of model, dry, square.

Py b Py 3 TORBHLEER/MN CHEAL ORI REOEREELRL, HEEAY 20x10%rad %
BAbLERREEZBRREBERLTVE:, 2O EREITHANT LS CERAIEABE KT 2 LEDES
OTEHBRL, PLBRAECORIOZHHLABDEIVEL AN ELAEL TS, R ERNEHE
BTN MENEER L IZIZRABOERNICS 5 2 EBEPD bR

BEILEDKEFRADHHIZOWTESFGHESMEICL 2R ERR L3 0b Fig. 8 ¢35, RN
HEBERHEIZ ST 2PL0BORMIZOWTR L D TH L. ERBBRINTHEEEER on 5 on=
20x10%rad 22—l L2 L EZQIENG T, MBEEH L 52— 2 -, L TEDLLIOHBEANR
(@) Th2. BEPBRIVETOZELD 2, ZTOAMNERBEREREPRBETRELHELRL, HFEoF
BHTEADULMIL BB LS WEREFRLTWS, BEDIRFTHE (AR (b)) dAgRpogassd
22, BE-ROLEZHEDD, 55 -BRFRELGHOPTHETE—7 e HOBTH 5. RITMRIEE
Be—@RRo7c 2T MBREAL A2 —WKEVRRLZDIONK (¢), (d) TH b, ERMEEHH:
BAT 2R ONERPDTCRETTORG LEOHMAE L, BEDIRI W TRAEFAIEIZESLE
TESREDLN TV S, 2ERHTHERIZONCIERFEHEER : ZRAKOERSZ L bz, L L
RBHTEOEZOIOEA—REARLATRERKEEM O FHAKE W,

Photo. 1 RHBEKTCOEA &L MEE L ZHKE, HEMICL->TRRLALIOTH S, BHEFHEKT
OMEE UBINZIEEMEELES,) LELHE—2 v P BENE BABIZIZHEEE T L EEL
bhzadhb, BEREHOMEAEETHE -V FOBMBRERLTWEEELTL v EELELH=E-
AV EIOLIRLTRRT AR, ZoAMoRER P, MEEEHHH OB OMAREIHES
NTnRNENS HIPPHENRD 2, HLHE—2 Y OB EOEBFHBITIBLLZ ENTEL LN
I REYED L. BEHEOI DL (a) ~(c) RERBDPOMMERRO T, 5Hz & 10Hz oFid & 3 ITEEO
iR ) » FREER > TnD, —F 1THz TRERITEL, BEOSL bAIE k>Tnb, ZThi%
WRBER he ORI LTCED Lo Fig. 952, K (@) LD b R18F5 D 4 B~ LEHBITL D X
X hEB LR LT3, Photo. 1 (d) ~(f) REBPFOEHEMAREBO IO TH 54, winidEEO
HMAtfer ) o THTH 2. KOBEEEET 2L X YV BEEMHVTNEEELD. ZDEED b 4% Fig. 9
(b) THY, ROBERLARE, MERBMOBMIN LAY LTwEY, ZOoEEI/MI v,

BEFEWEEHERI Vb 28N oL hibRoR A i Fig. 10 TR L. Z2FFARIIE
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686 HARHETIESRE 16 5B (1. 48. 4)
2E0r 250 R
- 250 G 20x10%ad, #,=1.59 x10”’rad.
.3 '
Parameter:Freff. (HZ)
200 200
150 7 150}
5
10
7 13
100 100
~~
~ 0
£
O sof 50 ¢ 7%
—
D
g
ah) cL 5 16 CL. 5 10
8 (a)Dry, Square (b)Wet ,Square
n
g_ BY $=15Hz 201 $=12hHz
Parameter: &, 0.3r
£ (x10°rad.) o
- 200} < oal
c ot
wi
4 o1}
150} ¥a (x10°rad.)
0
238
100 218
oy
\/1.55 v
sof "9 o2t
\______—-0.48
01r
CL. 5 10 CL. 5 0
(c)Dry,Square (d) Wet, Square 0
Breadth of Model(cm)
Fig. 8 Horizontal distributions of earthpressure. Fig. 9

5 10 15 20
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(b) Wet, Square

Hysteresis damping factors k..
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(é) Dry, Circular, 5Hz (d) Wet,Square, 5 Hz
X=14, Y=455 X=08,Y=227

llllll.l
Egl'ﬂ
Ill 1/ ]

(b) Dry,Circular, 10 Hz (e) Wet,Square, 10 Hz
X=11,Y=208 ~ X=08,Y=333

HEEEEREEN
EEEERERE
EEEESV 40
IR/ A

24

(c) Dry,Circular,17Hz (f) Wet, Square, 15 Hz
X=16, Y=667 , X=0.8,Y=333

Photo. 1 Relation between restoring moment and rocking angle of model
excited by sinusoidal wave, X (x10~® rad), Y (gal); distances
between meshes scaling the ordinate and abscissa, respectively.
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Transitional

—-—— Static

—5
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>
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g

1 1 1 i J

6 20 30 40 50 0 W 20 30 40 %0
(a) Dry, Square (b) Dry, Circular

40r /

30r éﬁ? //

ol éwi
20r O5Hz

&

&
%

Moments of Restoring Force (x10°kg-cm)
I5kz

20t
K /
101 10 /
A
0 1 20 30 & 0 10 20 30 40
(c) Wet,Square (d) Wet,Circular

Rocking  Angle (x10°rad.)

Fig. 10 Maximum lines of hysteresis curve.

BHRTEREEFERENMBRERL VB OATEREL ALY TRR Liz. BEFLEHMRICL 2ERLD,
WFNOBAIRI I OMBBFEMETRRIAEABZR LTI, 4L LTREREAETZ 4T
%o ThDLERLHE -2V VRABEEM 4, BASHBROIMEET 5 LEREEA & ZBE 0BG
RH2LELD. MBRHBPAEMT 5 ERAREHMBROBMERXIILALOBAREL LY, REBT ORI
Bl Tnwad, SHBRMTEROMBEBZERELTVIBEIBPNEESTEVEALD L, 202 LK
BREFCL2MB0BOEZVESCOHRICI ~FEEDLI0LELONE, TEERBICL 2812
FRTLITBER—EOHBAEAYEDLTVEY, F—20P5ENnI L3> TMBEEHREETHE—
AV EOBERRIBLEE N WEREERIZI W, B8R0 RREEMERESRoEmI L tRdT 5
BRCHELINTHEY, REROBATIHENLORFBOFBIBE2OTHLVWZ LZbILT, &
BIHLREBRNIIBRF LTV hEE LA WRETDH 5,
RICKTEMEINTDHBPIBAN I N BEDEBICELRE 2 EHI R L 2 OKEIZOWTOH
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REEBRT Do BET TITRBIZS 2 BB PRI
AT 5REOBEKELEREBKEICEL, BHy-
ERUEHARREBDPEZDVBLNTNEYY, 22 TR
vy SR T I MEYERIERT SHBAKES
BY#HSo Fig. 11 REBEBERITRAN I NEZES#
WESEBIERTIKE Us 3 XU, oiBlRTH
b, 1E P LEEOEH ¢ OBRIEHLETHRL
Thbo B ATMBEEL 100 gal (—%) THbo ¢n
OREHBL LWL LA LS LT D & & ORB OHIRIE
B 4 12Hz ©H 3%, £ Py R nTHtREoY
— I BEEREDbN TV, KE U, Us REBHLH
AC—7RRLNT, HEBHHEL Y P E\ BB K
13Hz~18Hz {ETCAE LR -2 BREEL T
50 Pt Us RERRALEIRFTHETHEY, W
HOC—JERLEHET 2L P 12 Uy 7.5 L %
2 CVdo HHELIOBEOLERREKELIFSATHVS
#, LEEKEOMEZELR ELELTIREMIZEELD
KE%2ZL3%, BOLELKEOKELLEH6EE
o WTFNRILTIMBRIC, BAIDFPOBEYITHE
AT 2HBORNEREFLEVZIH>TnEI LR
% 5%, REREHHYU LOBAMBEEBEICEH W TEK
Eo 505848 ETFRES A3 LM bN %,

Pressute (g/cm®)

100420
Py
80 B
15
604
1O 5
4
‘o
404 %
i
<)
<
<
[05 o
204 ag: Us
o
/%
L 1 - 4 L 1
5 0 15 20 25

Exdtation Frequency (HZ)

Fig. 11 Frequency response curves,
wet, square.

Fig. 11 {23033 Uy, Uy L EHEEM L OBBEHRR Lok Fig. 1205 3. RREFHHEHER
D30T, BEHENEHEMROBRTS 2. SMEERNL LI, BLEALOBRBEEAOREIZL W
T Us DEDFED Us LD RE V. 2HBHEAEANKEL 2RO TKEOEMOSAE/MNE %> T
D, LELABRPPERBELRLT208EET NS,

HEZPnwTil, BEEBRCe Y YERIMT e 9 3V P BEHOZ2HTBAITOVWTOERBRTRL
Joo LOLENDOEBRWEBITE W IREIWDEPNERL 0 v 3 VP EBOEL D 4o BB T2
TENTFEIND, * I CHEENEEARERO Y YWY EY, UECRTEL Y Y05284L0M

i
- U2 ;;
5 g
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u
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% 5| SHz g
B | 7 I
o ll'l [+
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05 v , 15
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Fig. 12 Relation between dynamic pore water pressure and rocking angle

of model, wet, square.



690 HAMKHAETEHE 16 5B (7. 48. 4)

Bk, 1L LCEBHEOES FMOMEICEH LT - 7o Fig. 13 KEERBFT 3 REHENE
BHIMEROREELR Lt ZOBESOEERESHKILY 70gal @ Sweep Test 2T 8Hz TH 50T,
ROMEREEKE 8Hz CRE Lo A e VRV EL L, BRHRAEEE Dy + v FEBOER - 1ol
WEBE ¥ T 20T, BEOLEOMMRDY LFoFTATVEY, RRRESORKEETRL TN, &
Y b BERESMEO LESEO LE LMENFEL T, ErYDo2nTnifsos (Fig. 5) &
RAELRE>Tndo LEMO EELERERIZE DRI HOE 45 2%, EEREBTRENTELIL
#18cm LRLICH Bo FEBRICFVWTREE O OHOBI ML LAFBHLEREDRNY, RIKEBE
DEB—EE QAL AERLE L TRBEEA LR L TH 5.
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Fig. 13 Vertical distributions of earthpressure, Fig. 14 Vertical distributions of earthpressure,
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Fig. 15 Power spectra, wet, circular,
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(a) Noise A (b) Noise B

Photo. 2 Auto-correlation functions, dry, circular (distance between meshes

scaling the ordinate is 0.05 sec.).
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Fig. 16 Power spectra, wet, circular.
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