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EARTHQUAKE RESPONSE OF THE STRUCTURE
CONSIDERING THE EFFECT OF GROUND COMPLIANCE

By Takuji KoBorl, Ryoichiro MINAL and Yutaka INOUE

Synopsis

The effect of the ground foundation properties upon the structural response due to an
ezrthjuake is consid:red. The elasto-plastic response representations of a coupled ground
structural system subjected to random ground motion, made by an analog computer, are
described. The results indicate that these structural responses may be influenced by the
yielding of the subsoil around the foundation configuration designated as the boundary

elasto-plastic layer.
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Fig. 3. Block-diagram of dynamic
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DTRIENENZ B, &> THERIGERITICHAO 2380 % B A TLBOBEEEK «(r) OKEMN 3
band limited white noise OF/NEMD30(E, T1HEHLEAABD%EED B,

4.2 BRENERETIOERE
B EBRAT DX 5 &3 28Rk E %R, bilinear FESMHAB L, HEREA BTV IKTIE
RKRENIE LSS S SR B 20 1 BASAR E G BRBBLIUEEBH TRDO SN 2Bl
BTHREN 2 TiEEYD» 5185, COREMROBNEEF VI 2 THRE LI OIS IRIT/ €7 A — 4
— DA EETNIEE 5,
LRBIEY IS A — 5 — 1 LS OB EEES I BSOS E TR E Ui BEORBR IS AR
DREFEIED AT & H L7oIRDIEE RS B0
{m:}={1, 1, 1}, {&:}={B:}={1, 7/9, 5/9}, {r:}=0,1{1, 1, 1}
#-T, {8:3={1, 1, 1}, ;0,=,0,({m;}, {x;})=040732
TRBEWNS A —&—  TIRERAFERBLERE TSN 55 TEM IR, BRBOMEBEER
B 2 RASO USEBRERICBEL L b OEIRY S RVOT, ¢ TRICHVBE L EF#EGIc Lk
BHR &AM E AL EoRELHT 2ERABEEL, BIRittiRE 52 3,
my=05, 2.0 ; £,=40, §,=1.0, 2.0, r,=0.05
®-, 85,=0.025, 0.05, 7;£,=2.0
—77, PHEEBERENEICRL T, BTV v Y, B ORISR ¢/b=2 LED, (5) Rk
WTIKE N=2 OFERBEURERNERET 205,
468 +ep
d\s’+d,
€o=3.132, ¢,=3.007, dy=1.015, d,=0.165
#-T, £g=0.1628x,
THHES - ABMEEE AT TR TE 3METRO LS ITED D,
mz=186, 80, 16.0
#W-T 1@, =1.1066, 0.7682, 0.5800
ER—TEHBEEREE/INT A=y — LTS/ 0T 2 — 42— L LTI 148, EREECHL
K TS <, (10) RICREN 28R — E SR EREGTRANL » 2512~13BEF TOE;
BERELTRDLSITED 5,
21=01, 0.2, 0.3, 04
RITT S THRUEINIRIT/8F A — 2 —DHELBICH LT A5)~A7) REBOTGRER (st
/N OEREAGEE Table 2 (CRT, Hb LEITIEEE, TRISERE % R J, Table 3 {3 Table
2 OEBE (o) &R U7 {m), {x} »O5EBON w HOFHE L (10) ROFAMK p #EHETE
DLILbDTHS, LBEIBEDIY, m=o OEE%ERL, HBIT £=40 CB15E), TBII rn=2
(B 248D DEE%RIRT, 104, Table 4 T (5)~(6) Koo B RATIHHE L ERE Mg — B8
HERME AR T,

a(s)=

g b Mm@t
4K mug® malo,”*
Ka(0 c 1
o 1;_‘2 ):xu(o)mg:;.flﬂ—(o),cg ................................................ (39)

.J:&k'— Kg» —F&‘C Ky %/—?\‘—9}-0



/MR, . HE : Ground Compliance %% L ciEpOBEIEE G 28D

Table 2. First eigen value and corresponding eigen vector of linear dynamic system.

2
my my
0.1 0.2 03 0.4

16 —0.00007 —0.00058 —0.00194 —0.00448

' 0.4043 04018 0.3979 0.3926
20 80 —0.00012 —0.00098 —0.00320 —0.00718

’ ' 0.4031 0.3970 0.3871 0.3734
160 —0.00011 —0.00084 —0.00274 —0.00607

’ 0.4028 0.3959 0.3843 0.3685
L6 —0.00028 —0.00212 —0.00639 —0.01297

’ 0.4019 0.3925 0.3780 0.3596
05 80 —0.00046 —0.00314 —0.00802 —0.01306

’ ’ 0.3973 0.3754 0.3440 0.3090
160 —0.00040 —0.00262 —0.00642 —0.01000

) 0.3962 03715 0.3368 0.2993

Table 3. Elongation of fundamental period of linear dynamic system by

considering lower sub-structure.

my myg
01 0.2 0.3 04
100.2 100.8 101.8 103.2
1.6 100.7 101.4 102.4 1038
112.3 1131 114.3 1159
100.5 102.0 104.6 108.5
20 8.0 101.0 102.6 105.2 109.1
1127 1145 1176 121.9
100.6 102.3 105.4 109.9
16.0 101.1 102.9 106.0 1105
1128 1149 1184 1234
1008 103.3 107.3 1128
1.6 101.4 1038 107.8 113.3
111.7 114.2 1182 1236
102.0 108.0 118.0 131.5
0.5 8.0 102.5 108.5 1184 1318
1129 118.9 128.5 141.4
102.3 109.2 120.5 1358
16.0 1028 109.7 121.0 136.1
1132 120.0 131.0 1455
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Table 4. Values of non-dimensional parameters £, and x,.

2
my myg
0.1 02 0.3 04

L6 16.94 4234 1.882 1.058
’ 104.1 26.01 11.56 6.50

20 80 7.029 1.757 0.781 0.439
4319 10.80 480 2.70

160 6.165 1.541 0.685 0.385
’ 37.88 9.47 421 2.37

16 4.234 1.058 0.470 0.265
’ 26.01 6.50 2.89 1.63

05 80 1.757 0.439 0.195 0.110
10.80 2.70 1.20 0.67

160 1.541 0.385 0.171 0.096
’ 9.47 2.37 1.05 0.59

4.3 HIESMLRERT/NS A—5—DRE
AR (1) RoFEFRFET 205 (3) RFERCHBINEEATAZD L, CHIZRE/ ST ¥ — 4
— (EUOLHEERART) @ SREME « (1) THE SN 3, BHEBRO 2~ icB LT 4. 1R
WEL7h, e(r) 2HEET 2IDITII BB IREB T A — 2 — %0 ELT 5, 2T, ARLBRAEYK 2,
& PBEMRIERIEE AR (2 OE LTREE Y7 4 — 2 — v 2R TEET 5o

p = @u Wy By e, (40)

1@y W I‘Qs
HREE YT A — 2 — o DI, BEROMIEIGE D O iR L 2N U TSR TOEMEIRE MR
OB LD ITIRDIERFE 3,
=02, 0.3, 04, 0.5, 06, 0.7, 08
INT, adkN=2- vy R s OMBEIRATEZ oM 5,
AM A k k

a="=—"= o tetririeieetierieairere e hseb e et ereraranees (41)
3 sg-flm; sZ"mf 3s

ST, g BENIMEE, k=A/g 3FFBEBEOKTEZ S e ATLBUOTRANMERIRM TH 5,
—k, R 7 A —4— v i3, BE»SEBICES HT#EHORARE AREE & EE T RINE
2 HBNEBEA SO BB IR & OEMNBHREE S & 5 MROBEEEA T
v=5, 10, 15, 20
JFAWE ST A — 2 =TI LT, 4.1 THIE U/ 8 — v DB ELIE & 4 % 9 R OB BB O M
FABRERT /T A — X —dRD LS B,

@, @
=y, —’:rf,-y:0.0ZV
1@s 1Ws

@1 —p v=031y, Y2 =r,u=0067v
1@s 1@s

— 12 —
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1@y 1 ._lmgs

1@s 2 1@s

F7, FPREVOSKEFRAEEE REXREEHEEROBRIRICRIN S,
{"L’s}:{l, 2545, 3828}  for ry— oo, 1=0,

1@

18, BEREBITERORBEXRESARKE LTESEYORERESEEZOE (7 DIE, 4.1 THELE
NG A= B2 — RIS U TSR OERHIC H 5 & L A5 Table 3 B o¥ 3,

0735 < 1% < 0.993 for 0.2<<my<< 05, £,=40,1.6<<mz <16, 0.1< 1<<0.4

1@s
el M, TIEE L vICELTR, SR I¥ROEEEEEELT N THA OB
k4% 7~9 band limited white noise OFPFHFIHMNICH D, BZHED 2 HOEBEH RS & LIS
B UERE I EROREXREEEBEROBRIIRD L SIS 5,
;<< Wy,<30<10,<®; for y=5, 10

;<0< ,0; =@, for y=15

@) <@ << @< Wy TOr P=20 - ceresvsvsssaeerrrrrrrrruriiinaraeeerrrennnina, (43)
0y, WERFCEONT, ALLERERK 2, L FREE—EEnRSEREERER L2, © i3, i
i OFEEBICEOEBEE R 2EBERE U2 B8R A EoERERO dynamical compli-
ance DEFEICBT 2RBEHOER o'=2 2ZELT—IJEROEFEHD b DICRFE L,

'
0<1V:£’1:&: D < 2 S 20 e (44)
10 19 10, max  (;og")
16 mg <16
Fhabb,

v=5, 10, 15, 20 for 1=0.1
v=5,10 for 1=02
yv=5 for 1=03, 04

§ 1 THRELHBATED $F — v L2 S IEDT. v TRE ZHERE %R O EABEREY ()=
Lol{md, {k:} my, ks, mu, ¢/b, V)} EARLBEERSBEEEE (0, 0.) S50 S-EARK o, o,
OHXNBRIEERROMBIGEDOER, bbb, k&8, SHERICED TEESBEBRENH 5. HiC
(10) RUCFEFHE XN Table 3 [TRIN/BRIT/ ST A — 2 — p I TPEEMOTNEED FREEDOKE
MRIC B XIZTERY, TENEEOFEICEE TH L, X LUBRANKRS T TEE L TRIERTOH
TLEBEMRORBERER S OBKR, A Y7 —0O57, 130 CIKINEDBHETICE S SMmULEKT
O HESEAZZ NVTHBIEEOHREIB LA ETRTE LS. RIZAEEENIIE v=5 TRE1REE
2%, v=10 TEH 1, B2, B3I EbiciEahdc s, v=15 TREHUERD S B EBEKRS o,
L& BB LKIRGOBIRMSEEE CTh b &, v=15~20 L7115 L hBOEEERBRERS o, OZRIIEN,
B 0 KEBBLIR, B2RBEBHEING CENEHICHD» 2, F7: p=10/10 KB LT, 0p/0m,
<0, 80p/Omm >0, 9p/0A>>0, 8%p/0my? >0, 82p/Om?x <0, 8%p/012>>0, 0%/0myOmu <0, 8%p/OmydA<<
0, 82p/0madA<<0, BSRIL B, THMS/NT X —R— my, mg, 2 D p KT 2 EB, = Licid, HEMY
RiTB KT T RREIEMMICEIET X 5,
4.4 HMBIHEEDOER
LIS, AL, BEEEHED SN IBENROMBR M AWE L, £ TEEEBOE %
Bk FREEDOBREMRICE JIZTREEBEFMT 2 IR T OBBIHERE LTROLDAEEZ 3,
{ Trol j Tdve ] ; TebH }
TR= Tre 'p= Tds = Teb
{r,i} f) l {ra:} ), {rei}
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7o
=14 Tr TR > Tdle soessssseesrimmnnte et (45)

{rsi}
TNT, TR BRABOOTHAMER, 7o BABHER (Gir=c—raa=0), ra; BKBEEHE L V¥ %
(resm=0), 77 ZEBREHE (rpr=0), ry: BRERE— v VR, 745 TRESRRBROTHS LR
MLT, INEDOBRENTNERATEREINDE,

Y,"—“Y,', x Y,—Y, ‘ Y, 7Yﬂ1max -
Tn':l a llma ’ rb:] b Zbﬂ max, rbH;‘ 2 i {46)
rd‘.:%’:, Tdb:%’:r Fapi =0 sreereeereennen e (47)

2Upyi 2U
Faim ot = SR o =0 e (48)
4; 4y

Tﬁ=(l—f|‘)[<—1,'%,¥"—l)"—sgn Oi((Yi—Yi-1s 5 Kui» K Ai)]

T/b:(lﬂrb)[W_Sgn Oy((Yy—Yor) s 5 Kis» Kass Ab)]

7o =0, G0, 2, oo ) M erererrrereeeeentiii e (49)
| S L0l max L
Tuzl;ﬁl—l—_*: 1i§1iﬁi¢i|max» [i:fl:l ................................... (50)
. d?Y, _
rA:M d;f; ma":Mlq}éfA?;'max:]”l‘f’l_r'r‘l‘;?"b'w ........................... (51)
T s, max ESGERRIICET 5 b 0% R T,
F72, Ussi, Upss 3N FN FEBREEY, BRE FOTCHRE
OBWHEFRNOHIHEF, (Yi— Y- D p(Yy—Yir), W— e ———————
RENZN LS, EREOBRINEEE) ~ 3
DRHERIR N TH B, T/ Li 13 RSO , O
&, L3z OR%EE, 3> BL |[IWHREER lﬁ—ﬁ}l x;
Ay \OREBTHD, 5T, WESTHE — -
ML 1EEDD. $1o, 14/ BB S & FIbH DO
BB T IEICHT 2 A ELBANEBER h & AL t
BAMEERMOLERD, FHREEMICL S E B — 1
THEY OB NEE BAR MRS BD T, SO
4.5 FFOTHEMCIIME %§§E§§D4 L
SRR L B RORT x. -
4.1~ 4. 3 ICEDTHERIEED R DB 2 m_‘
AT EAND 2 — 5 LORE, MK
185 A= B - HZ B EEMABRR (1) RO® '
B—EMICRED, 4. 4ICERLI-BR CIE ¢
BREET 2. AARXTREBEEERT oy e

SR & - ORI EE RIS 21T - i . .

505 HHFER (1) R k05, Fig. § 105 ig. 6. Block-diagram of analog computer
A X O o N circuit for earthquake response

Lic7ay 7 - £4% 75 LILEDSOTRLILE analysis of structural system with

THa s ER EORENK T v s - A4 XS lower sub- structure.
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7 1% Fig. § [CRTD,
RICHBIEFENTOMEEZRRT 208, > TR 4AOHBIEEEDS B, BERERTHIER 72, 5
SU, BREHEe— 4V E ry DHEBES L, COBA, BAWIER rp 3 rr EROBRICH 5,
{7aiY={Tri} Tao=Tr6/8p, Tapm=0 +--eerrrreerrsruresririieiiiiee et (52)
r.»=1/40, for f,=1.0
rrs=1/20, for B,=2.0
ST, 2AVvF-—BROIE rs RBTRRVN, BEOLH T S THRET 588 I FROMBHER K
TV e TxLF—OREREESTRBIROL SIS S,
E=K4&2/2=Bi/2
{e:}={8:0:3={8:y={r:}={1, T/9, 5/} ++eerreeerrreermmirierniriiiriniienirenenes (53)
e;=1/40, for A,=1.0
¢;,=1/10, for f,=2.0
epH = 0

7o, RREHE— 2V MR 1y ERKEEER 7p ORICIZKOBENH 22,

TS SLBI+r(rai—1)] 3rd Story 2nd Story Vst Shry
i=1 a
< SB[+ 7(max{ra}—1)] .
=1 ! 3| °* o8
........................... (54) oo .
s THUE U ES#EESic L Tid (54) L]
itti(kwctﬁlcfsz)o \ o8 0.8
73 £2333[1+01(max{7,:}—1)] oeh R/ ** >Z o \/\
i ! _> 02 \/\ 0.2 \/K
........................... (55) U ] \/\ F"\
Fig. T B D70, M THREEY (k= o
oo, 2=0) 2H3 % LEBEHOD rr KET 5 10 15 20 5 10 15 20 S 10 I$ 20
BEARIGENERSD, Figs. 8~11 (2, m, v
=05, 2.0, 8;,=1.0, 2.0, mg=1.6,80, 2=0.1 Fig. 7. Basic response diagram of maximum
DHEICOVTD 78 ICHT 2 EAGELD %R relative displacement of structure with

igi b-st t . =00, A=0.
4. Figs. 12~11 |7, me=05, 2.0, f5=1.0, rigid sub-structure. £,=co, =0

20, mg=16, 80, 160, ®=02~08, v=5 OHFAICH{ LT, rr © 2 KEATLEH % /K9, Figs. 18, 19
2 my=05, 20, £,=1.0, 2.0, ma =18, 80, 160, 2=02, v=10 DAL DOX, 7z D & KET LA R
4. Fig. 20 |T my=05, 2.0, f,=1.0, ma=16.0, 2=01 ICH LT, 7z KETIHEKBENERT, Bk
I Fig. 21 O my=05, f;=1.0 ma=16, 80, 16.0, =01 OF A &, xs=c0, 1=0 DEAD 7y I
BT 3 I5&RERL, AiC v=>5 OEBAICDX, mg=16, 80, 160 &, m,, 8,, X OBM: M Sbickt
LT rx Dell@T23EH%ERT,
4.6 BFNEROEER

Figs. 1~21 [GRENFBERBRICHUER 7r BLY, BAEME— 4V PR ry ORIFHERICHL,
CNEDBEMRICHT 2 MBS LU T BEEHOER I/ T ¥ — 2 —DEBELTETOERLT
36

BREXTENER rr: TS IKBE LICEREIIEREANIXT 5,7 A — 2 —fHE T, —BHIC
WO TF S DB D LEEED {r:} ICHT 2 BR STV AS L, FNR TN THIE
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3rd Story

2nd Stary |st Story Boundary Layer Elaestic Ground
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3 as(\ os
.\ " :: A1
08 W\ \ 03} os L LA Y
2 04 \\\\ e \‘ Y AR
Y 0a b ) \
\ X \ 1.0
L BN A N o AN
o2 \ N ﬁg ¢ 04 L7 TN e N ! \\ \
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= ~~ gkaleay .
o e 06
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v
Fig. 8. Basic response diagram of maximum relative displacement,
P
my=0.5, mg=1.6, 1=0.1.
3rd Story 2nd Story st Story Boundary Layer Elestic Ground
4 05
— Pr=2
08
— pb’ 1 20
. o4
3r o8 DB» o»
X} <‘ \ lll‘
P oe oe ' /| | at 15|
24 \ oals os |\ " 7Y o3 ; o
4 \ L \ ’ v
2 kot N Y BN \ Vg '
3 sl oa )\ ]/ o5 VY N
\ a4\ ~0.4 |\\ vl \ 10t
\ \:‘\\ \/ \\*\\ N ozf N A :
o2z \ \ % ’,._\ a2 AN I/ 3 oal Y J Y \
}F ot \\\ J os N e = - 2 SEN \\\_ 3 ) R os
Z ‘- - A s r
7' F—‘E o2 \\\"/ \ \\ - \ o.1 | \“| d
T A N
LX) -
°f ol st o | 3
S 10 15 20 5 10 16 20 S5 (0 IS 20 5 10 15 20 5 10 15 20
v
Fig. 9. Basic response diagram of maximum relative displacement,
my=05, mg=80, 2=0.1.
3 rd Story 2nd Story | st Story Boundary Layer Elastic Ground
a4 085
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— =2 o8
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o4 [ 1\ v
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\
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2 \N\Ucee X‘ )
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Fig. 10. Basic response diagram of maximum relative displacement,
my=2.0, mg=1.6, 2=0.1.
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3rd Story 2nd Story st Story Boundary Layer Elastic Ground
4 05
- ﬂb'z 08|
= Poet 20}
04| os
3 lu= n8 o4
o8 o6 \ 15}
> o3} Y
o4 06 A
2 v
0.4 ) 1ok
0.2
B NCES N \\ \\ I )
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7n \ \ o2 \’ > os
F= il N ol RNR o6
I 0.
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v
Fig. 11. Basic response diagram of maximum relative displacement,
my=2.0, mg=8.0, A=0.1.
3rd Story 2nd Story 1 st Story Boundary Layer Elastic Ground
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o8l J oat
3+ o3 B e S PP P KIS el
oor<iPs L7 o8 I i gy Y / \\ i 15
os | | '\ o8 03} os !
o ~~I~ N oe P
2 b ~4 L— P /’_,/
AN N | os > A °* o iof
N L’ 0.8 0.2r //
c2 SN 04 el 0.8
02 =1 o2 | T~I~. o4 ——T~~d
br \\ o2 . 0.2 -1 ol \\ oS5
Tr T T ) 0.8 /
i 33| A
ey Y
oF o ot o} %2
0l 02 03 04 01 02 03 04 O/ 02 03 04 ol 02 03 04 o1 0z 03 o4
A
Fig. 12. Response diagram of maximum relative displacement,
v=>5, my=0.5, mg=1.6.
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Fig. 13. Response diagram of maximum relative displacement,
y=>5, my=0.5, mg=8.0.
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3 rd Story 2nd Story | st Story Boundary Layer Elostic Ground
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Fig. 14. Response diagram of maximum relative displacement,
v=D5, my=0.5, mg=16.0.

3ra Story 2nd Story 18t Story Boundary Layer Elastic Ground
a os
— Be=2 el 04
———— Beml \ 2.0
O.4F \\
3 [ x- \
- 0.8!
o8 L 17| os \_// PP sl \¥ - 1.5
0.6 A
o4~ f _ o3 e 4
o4a—1 ~—- oe ~-
2 |
o // 10
X aiN o.e
[-X ] S RN
| o2 e
x ! :.: == 3 oel __ \ 05
R o4 ~P<
0.2 l_/__i
o r [ o
Q1 02 03 04 0f 02 03 04 OI 02 03 04 0f 02 03 o4 o o2 03 o4
A
Fig. 15. Response diagram of maximum relative displacement,
v=>5, my=2.0, mg=1.6.
3rd Story 2nd Story | st Story Boundary Layer Elastic Ground
4 os
— Bo=2 LY
e Byl = 20}
0.4
3t os
%: " o8 ) o4 \ /,
o8 \/ o8 \ 15
34 S 03 \ /
Soed 08 \ 4
2 r ™~~~ /\<>< /\. N7
04 }—of r 0.4 / 1ot
0.2
LR S LR S [ S
T~ o2 /',\ o6 /
! 0.2 oz P~ I /
¥ o'z s TEN O o fan /. A oST 4
R o4 — \\\ 08 :/
oz 3 3% 2=
o o ° o2
0] 0z 03 04 Of 02 03 04 Ol 02 03 04 0 02 03 04 ol 02 03 o4

= A

Fig. 16. Response diagram of maximum relative displacement,
y=>5, my=2.0, my=8.0.
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3 rd Story 2nd Story | st Stary Boundary Layer Elastic Ground
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Fig. 17. Response diagram of maximum relative displacement,
v=D>5, my=2.0, my=16.0.
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Fig. 18. Response diagram of maximum relative displacement,
y=10, 1=0.2, #,=1.0.
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Fig. 19. Response diagram of maximum relative displacement,
v=10, 2=0.2, f,=2.0.
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Fig. 20. Basic response diagram of maximum relative displacement,
mg=16.0, 1=0.1, §,=1.0.
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Fig. 21. Response diagram of maximum overturning moment factor,
my=05, 2=01, B,=1.0.
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Table 5. Maximum values of maximum relative displacement

in the range 02<a <08, £,=40, m;=05.

) \* 0(kp=0) 01 02 03 04
30 35 37 3
5 31 3
36 40 47 33
2.0 16
10 18
21 18
15 21 28
) 27
20 1.8 17
| 16
(a) max max {r,;}
@ g i
D 0.1 02 03 04
s 0.30 0.48 0.45 0.38
0.05 0.05 0.07 0.03
25
© 0 020
0.03 0.03
0.37
15
0.05
0.10
20
005
(b) max 7
ﬂ’z‘md
3
S 01 02 03 04
. 0.13 055 13 21
013 0.38 13 2.2
012 045
10
011 050
0.13
1
5 013
10
20 0
0.08

(c) max rpa
Mg
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