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ibe mjor walb in the NS d i m  termina- at the sixth floor and a d d i t i d  imgulari- 
des oecut at the gmnd I d .  A pile faurdatia provideo support for this building. 
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SEISMIC RESPONSE AND ANALYTICAL MODELING 
OF THREE INSTRUMENTED BUILDINGS 

Ruben L. M e k ,  Stephen A. Mahin, and Cristos A. Zeris 

Mquake response d obtained in three buüdings located in San Jose, 
Califomia are atamined and inteqxeted in this papa. The basic behavid 
dm&a&ics of these buildinp are identified along with various aigineenng 
design parametea, sudi as period, damping, and mode shapes. The buildiigs 

, ail have abait same nwnber of stories, but employed differait typs of struc- 
' '  twai systuns. Rdts  of empirical and analytical models are com@ with 

-responses. 

* In this study, the responrcs of thne buildings sub- to the Morgan Hiii earth- 
&e of Apil 24, 1984 (M-62) m0 thc Mt. Lwis catthquake of March 31, 1986 
(yL5.8) are evaluated b a d  on measund acderopph r d .  These recurds were 
okained and processad by the Strong Motion instnunentatiun Rogram (SMiP)[4]. The 
kiüding are located ncar onc anothex in San Jose, Califomia, óetween 19 and 23 km. 
(12 to 14 miles) from the cpicmtar. Each building anplayed a differait typc of scnictural 
syrtcm: n i n f d  concrete waüs, reinfprad c a p t e  á.amC0 and stnictural steel 
f-, Fi. l., , , 1 ,  :: 
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DA&. Drifts obtained by subtracting hariz4mtal displaoement m r d s  from 
corresponding ground leve1 diilacements are smal, Table 1. Average drifts between the 
roof and gmund in the EW direcfion never exceded 0.03% d the building height ( I d  
than 6% of thc working stress levd value permitted by the 1985 Uniform Buüding Code 
[6]) and 0.10% for the NS direction (more than twice as much, but still 1- than 20% 0f 
the code permita value). A strong effect on displacements due to thc Wntinuity of the 
shear w d  at the sixth leve1 in the NS dllcction was not okaved. 

n i e  totai and relative motions of the roof in two d i d o n s  are plotted in Fig. 2. As 
seen in this figure in some cycles the maximum relative displaamenis in each d i &  
ocatr at nearly the same time. G m n d  displaccment contributes nearly half d the total 
dilacemait. Iospection of other tecords indica- that thae was littlc torsion or bawing 
of the fiaar slah [2]. 

PeriodJ, Damping and Mode Shapes. Due to the low I d  of response, d y  thc fi? 
mode could be reliably identified, Table 2. The periods include the effccts of fomdatian 
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\ fiaiality. No sipificant diffmmca in pcriods estimates were de!ected f a  the two earth- 
1 quPLa amidered. Uniform Buüding Codt estimates of period for the building are aiso 
; rhown in Table 2. The 1988 UBC estimates are improved over the 1985 values. The 

pedomiaant m& shape for both directians is estimated to be 1.0, 0.4 and 0.0 for the 
I moí, sixth floor and ground. 

1 TABLE 2. 
t .  Periods (m d) and Damping for Building 1 

Seis& DcmMdt. Seismic dcmands for stoiy &can and wertuming momaits wen 
dmatcd using acceleratMas linearly intcrpoiated between vaiues obtained at floors with 
nowding stations. Thc inaíia forccs at each floor wen then evaluatcd, disregarding any 
dais* forces, and stay sheen and ovcrhuning momaits werc computed. During the 
híergan Hiil carihquake, Buüding 1 devcloped a base shcar coefficitnt of 0.096 in thc EW 
dipctioil and 0.104 in ihe NS diredon. Comsponding values for h e  Mt. Lewis &- 
@e wen 0.048 and 0.045, mspedvciy. The working stress base shcar cocfficients used 
b Ihe desiga of the building wae 0.08 arid 0.10 for the EW and NS directions, respec- 
Wy. Thus, the Morgan Kü1 auihquake comsponded raighiy to a working sbess leve1 
mnt fm the design code mpioyed. The 1988 UBC, however, requins design base lhears 
DCPrly tw tima the original design values (0.18). Thus, for a similar building designed 
d n g  to modern codes, this earthquake would have comsponded to a very Nnor 
cvent. 

'W ccnmadlofñcc buüdiog'(SMIP Statim No. 57355) ir ten storiai taü with m e  
kanrnt M. It was &gncd in 1964 and constnrcted in 1967. Thc vertical load carry- 

.. . 8 ,  . ,.... , r e  . t I 
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was 0.22 

iiwty. It ir important to note that thc accdcf~iions at the oentet of the fifth floor 
dbphrap rn abait 20% larga thaa those at the en& far thc Morgaa Hill mxthquake 
ami 100% i a ~  fa the Mt, Lswir carthquake, indicating that thc diaphragm undcrgots 



impartant in-plane respowe. Slab amtribudons to reqxmm are c l d y  visible in Fourier 
acalmtion arnplitude spccimm pmated in Rcf. 121 for f r e s d e s  bctwccn 4.0 and 5.0 
Hatz. Analysea of the appropiately d a d  vatical deradon  mmds at the krrre of the 
south shear wall indicate that, ki thc EW direction, betwaa 35 to 45 % of the relative 
mf adcratioas during thc Morgan HiM carihquake and 35 to 40% during the Mt. Lcwis 
carthquake are asmiatad with m c b g  of tbc foundatim. 

Drifi. D@ indicea in the EW d i d a  do not e x d  0.075, a p p a h t e l y  fwrteen 
paaat of the vaiue pennitted by the 1985 UBC code at working stress lcvels. nie NS 
dcfonnatims corrcspond to an avtfage inícsiq drift htkx of smund 0.1%. The struciurc 
d'iaczs more in thc NS difactiai, kit thae are major cyda whm it dcnlopa ncarly its 
maximurn dispiaccmcnt in both dircctions simuitandy (Fig. 2). No dgnificant torsion 
w a r d e t e c t a d f r o m d i s p l a c a n c n t ~ f o r t h i s r e g u l a r d ~ b u i l d i n g [ 4 ) .  . .  l .  

Pedodt, ' ~ a m ~ i n g  and Mode Shopes. Thc periods and damping estimated for thc 
building are sununarized in Tablc 3. No significatit ditras- in periods values w a e  
dctcdcd for the two earthquakts d d e n d .  In the EW & i o n ,  the first and semd 
mode shape have the following relative amplitudes at thc mf, f i  and basanait lcvels 
(1.0,0.45, 0.0) and (1.0, -1.0, 0.0), tGspectively. ín the NS d i i o n  the first, seumd and 
thitd mode shapes have the foiiowing ratios for the roof, fifth, second and basemcnt Icvels: 
(1.0,0.5,0.1,0.0), (1.0, -1.0, -0.36,O.O) and (1.0,0.6,0.6, OSO), tespectively. 

TABLE 3. 
Periods (in seconds) and Damping for Building 2 

Seismic demnds. The buiiding devcloped in the EW dircctiaa an estimatcd base 
shear coefficient of 0.14 during the Morgan Hill earthquake and 0.05 during the Mt. 
Lewis earthquake. In the NS direction, it devtlopad a base shear cc&icients of 0.11 and 
0.04, for the two earthquakes, respectively. The values achieved for the Motgan Hill 
earthquake are 83% larger than thc non-fadored values used in thc original design in the 
EW direction and 25% larger in the NS direction. The 1988 UBC requires design farces 
18% larga than used in the original design fa the EW directim, and in the NS directíon 
thc base shear ooeffiaent could be lomred by 325, if a ductile framc were used. Thc 
shear capacity of the two shear walis in the EW didon is estimated to be 4700 kip ,  
34% morc than the demanded base shear and 153% more than required in títe origina! 
dcsign. No signiñoint mcks were notcd in thc walls desptc the relatively high intensity of 
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BUILDING 3 

niis buiiding (SMIP Station No. 57357) is a thiricen story office buiiding located 
rppmbnately 2 km. (1.3 miles) north of the other two buildings. It was designed in 1972 
and consmaion was completed in 1976. The vertical load carrying system consisb of a 
amete slab on metal ileck, supported by steel frames. Lateral load resistance is pmided 
by moment misting frames. A mat foundation is used to support the building. 

Accekraiion response. Thc input motion to this building was lower than thc other 
buiiding, but the recorded structurai motions were in general higher. The maximum 
grauid aderation obsemed (Table 1) was 0.04 for both events, and the maximum struo 
lwal acceleration at the roof, obtained during the Mt. Lewis carthquake, was 0.32 g. For 
h e  Morgan Hill eaahquake the maximum acceleration was 0.17 g. nius, the maximum 
amplification ratio for the Morgan HiU earthquake was nearly 5 and that for the Mt. Lewis 
mnt, was greater than 7. 

In general, süuctural response for both events is characterízcd by a relatively n a m  
bPPded pcriodic motion with strong ampiitude modulation (produced by beating associated 
mith clauly spaced modai paiods and torsional wupling), soil-süucture resonante and an 
unrnual long duration, more than 80 seconds, Fig. 3. 

D ~ @ r .  Maximum drift indices fa the building during the Morgan Hill ear thqde  are 
m the orda of 0.40% and 0.72% for the Mt. Lewis event. The 1988 UBC timited drifts 
under wotking stresses pnditions to 0.25%, if an R,, factor of 12 is considered. Thus, the 
drilts urperienced by the building were significantly larger than accepted by cumnt design 
pncdas far nonfactored design loa&. Damaga occurrcd ta nonsupported book shelvcs 
rad to two members that braced a glass atnum at the the third floor. Figure 2 show that 
ihe mof diilacements are bi-directional. Similar motion wen obtained during the Mt. 
LnRt carthquake [2]. Sigaiñcant tosion was observed in the buiiding during both evenis. 
'fbc dative displawmcnt fmm one side of the building to the other was 12.32 cm. (4.85 
iprba) during the Mt. Lewis earthquakc. This toIsional displacemcnt contributes nwghly 
19% ío the relative mof displacemcnt, Fig 3b. , 

l .  > . I ' i  
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. : \!$h...: m & & , & , f ' & t t , & , & g  arbiat;*ti;' && a~ intrnd.j&, of moro & 
,'.." C*pc mica. 'íhis involvca coupied iransiatimal and torsimal rnotioas. intuprctation of ' :*:'! Oe ~lparsc is mmpiicated by tbc fact that the frequeacits for s e v d  modes are simiiar 

f a  (6 ,; ,.,,, Ming  t .  a beating or modal inttrfamcc p h w m a .  lñis phc11omeno11 is clear1y 
for thc Mt. Ltwis evcnt in Fig. 3 whcrc modulati& of rtspwisc amplitudes is ' aosg. úrcpecton of thc ncords, cspcciaiiy for thc Mt. LewiP earthquakc, indicates beat- 

iq PtnOdl) of about 100 aad 16 ~ c o a d s  and an cquivalait period of 2.2 scumds for the 
bansiational rccords and 1.85 seconds for the derived torsional dispiacemenb. 



'* nie in-pianc flexibility of the floar diaphragmt waa investigatcd by aanparing oan-' t i  - 
pted tcmdoml d o n  as obsemd from EW and NS d b p k m c a t  naKEta The diffaeaa 
behnnai mrximum vrilua of cunpted t a d d  motia~ m cguivakat to a sbcar rtrpiD 
d 0.0005 (2 m.). Howeva, the h p d s c  location of #ime o€ the inrtnunents, 
dfects, and the diffcnnt time borcl wd f a  #~mc d tho ruxxdings at tho samc~ lcvd d, 
amtrihute to this vaiw as d. . > a  . . 

I f  . 
T-4. ' 

:b L I *  ', 

1 2.15.2.2 13 1.n 2-3 
2 ~05-2.1 13 1.n w 

Tasion 3 I .  

EW 4 0.654.75 - - 
, NS 5 0.600.70 - - - 

Demand versus UBC requiremnts. The caldated base shear coeffiaent required fot 
the Magan Hill earthquake is 0.09 for both d i d o n s .  F a  the Mt. Lewis d q u a k e  
these values are 0.16 and 0.07, for the NS and EW dinctioíw rcspectveiy. The 1988 
UBC wodd require a 'working stress design base shear d i c i e n t  of 0.043 in both dime 
tions, f a  a simiiar building having a moment resisting frame (R,, = 12). nius, the values 
dananded by tht Morgan Hiil earthquake are 2.1 ti- code mcommndtd design forces. 
During thc Mt. Lewis earthquake shear coeffiuents d d o p e d  are 3.7 and 1.6 times the 
1988 UBC code recommended values. h p e d o n  of daived hystmsis loop for the build- 
ing [2] indicate, however, that it remaincd esatiaiiy elastic. 

The response of the building is nonctheless very seven d d u i n g  the i n t d t y  d thc 
cxcitation. nie long duratim of ihe nsponsc and the high ampiitudc of the motim is 
related with the long natural period of thc struchire (2.2 scumds), the three dimdcmai 
d e s  of the building constructively reinforcing one a n o h r  during portío118 of the motion, 
and the rcsonance of the building due to the dynamic charactaistics of the Qte. Founda- 
tion roclting was found not to have an important influeace on thc response. 

Analyrical Model. A three diunerisio~a) mathanatical model was devdoped and ana- 
lyscs with bi-&donal input of Building 3 w m  p e r f d  [3]. The modei amsidcd a 
spatial frame, inuxpomted the cffeci of beam-cdumn jant flexib'ility and nonstnichiral 
eiement intaaction. Nearly perfed match of the m& and reaxded rqoñsc was fopind 
for moat of the record length, Fig. 4. Analyses indicated that floor siab flexiülity did not 
amtribuie significantly 'to the response. The anal- c l d y  indicate the pmfound effect 
of the three dimensional response on thc behavior of this building. 



CONCLUSIONS 

nie recoads of the thr# buiidings saidied h& provi& significant insight into their 
dyripmic chamtakics and thc aocuracy of various code assumptions. Important effects of 
unsiao, in-piane diaphralpa defcmnatiws, bi-directional response, foundation flutibility 
a n d d ~ ~ ~ p i i n g ~ b c c n o b s a v c d .  T h e i m p o r t a n c e o f t h e ~ c c o f  paimcter 
Qcar walls in nducing drifts and unwupling modes is clearly obwmed, specialiy far ser- 
vicc leve1 auihquakt loading. Paiod calculations using codc anpirical equations have 
matly  impmed, but additionai impwemenis are desirabie. Building ptriods cstimatcd 
using üBC 1988 W m  2312 Equatim 12-4 genaaiiy werc smaüer than natural paiodp 
h t c d  fnnn thc records. F a  the base sheat equation used in the d e  this undacsti- 
m h  wil nwilt in cquai or higha dcsii s h m ;  howeva, it may not give consavativc 
&sip vaii~es if a s-c site spectra ir used. The use of the amstant C, in this equation 
8%¡gned acowding the typc of struchual systan geoerally gave rtsults dosa to the 
obsaved values. 
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