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Investigation of coupled laterd-torsond response inmultistorey buildings

R.LBoroschek & S.A.Mahin
University of California, Berkeley, Cali[. USA

ABSTRACT: Tbedynamic tcreional behavior oC an exisring building that responded eeverely during eervice
level earthquakes is preseuted in this papero The building is a thirteen 510ey "regular" space Irame structure.
The reecrded responses cf the building during differenl earthquakes were characterized by long duration,
narrcw beaded motions with atrong amplitude modulationj by large transational and torsional mcricne: by
lerge amplificatica oC tbe input ground motions; and by slow decay cf the building', dynamic responses.
Records are studied lo obtain the building', dynamic properties and response envelopes. The causes (oc
the eevere response are identifled Crom tbeee etudiee. Three dimensional linear and nonlinear models of the
building are developed to match the recorded response of the structure. Parametric etudies are perform on
tbe analytical modela te atudy tbe effecte of material and geometric nonlineaririee, accidental eccentriclries.
bi-directional input ground motioos and energy dissipation capacity in the response oi the building, Reeults
indicate that the severity oC tbe tcrsional response in a eccentric multi-story structure is strongly influenced
by tbe leve! of inelastic behavior level of eccentricity, ground motion charecteristics and the srructure'e energy

dissipation capacity.

INTRODUCTION

Tbe lateral-torsional coupled behavior o Itructures
hu been the subject of a large number of studies,
Investigations o( this bebavior heve usually beee un-
dertaken using bighly simplified linear or nonlinear
computer models. With tbe extensive installation of
strong motion instrumenls in atructures ercued the
werld, it has become pcsalble to monitor tbe actual
three dimensloael behavior o( buildings during earth-
quake eventa and |0 atudy lateral-torsional coupling
iD these Itructures different cooditioaa.

A ltructure tbat cxhibited strong lateral-torsional
coupling in its recorded response, among other re-

sponse characteristics o interest, is an apparently

regular thirteen atory office building, located io San
Jose, California, Fig: |. Thi. building i. ioslru-
mented with Iwenly-lwo unidirectional strong mo-
tiDo accelerographs, positioned io tive different levels
(ground, 2, 7, 12 and mof) a Ihe NW, SW and SE
cornersof the .quare frame plan (Lines B and 12, Fig.
1). The .tructural .yatem consists ol steel moment
resistant space Irames. A Itrong moment resisting
frame, Lines 2.12.A .B, i. located around a lighler
moment resisting (rame. A much lighter frame is lo-
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eated outside the .trong freme, Lines 12--- and A-B.

SeveralJ earthquake record, have been obtained in
this etructure. Tbe three most intense responses
recorded |lo dale are those ebtained during the Mor-
gan Hill earthquekeci April24, 1984 (M, = 6.2), the
MI. Lewis earthquake of March 31, 1986 (M, = 5.8)
and the October 17, 1989 Loma Prieta eertbqueke
(M, = 7.1), Peak horizontal ground ecceleralion.
reccrded for these events at the base o( the building
were 4, 4 and 11 % g, respectlvely. The buildiog sub-
ata.ntially amplified these base motions so tbat the
maximum structural accelerations during the earth-
quakes were 17, 32 and 36 % g, respectively. Molion.
al the .truclure during all the earthquakes caused
widespread damage L oconteots and disruption o( ser-
vices. The response records exhibit a Itroogly mod-
ulaled pallem and locally indicale Ihal Ihe .Iruc-
ture experienced substantial torsion, Figs. 2, 3 and
4. Another CeAture of the responses shown in these
figures j. that the airucture continued to vibra.tevigo
orously lar more thao S0 seconds. The input motioo
was much ahorter in duration and ma.ximum truc-
tural responses occurred generally long after the end
o( the 'trong motion portian oC the base excitation.
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Ccneiderable insight oo the efreel. oC small eccen-
tricities in nearly regular multi-story space l'ra.ma

can be obtained considering simple tbree degreee 0C

Ireedcm eneltory Cramesystems. The dynami c cher-
acteristica of a one story Ireme can be obtained by
formulating the eigenvalue problem at the Itructure'l
eenter 01 mass (CM) iDtermo 01 | he total global stiff-
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where: K. le the story translational stiffness intbe ™ T —— . s & s = = & = = = = 8"
- et ;

X direction at the center oi stiffness, J, is the story
translational stiffressin the Y direction at the center
oi atiffness, K, is the story torsional stiffness at the
center o( stiffness, r istbe etcry radius o gyration of
tbe plan. e. il tbe distance frota the center oi mass
to the center of stiffness in the global X direction,
e, is tbe distance Irom the center of meas to tbe
center oC stiffness in the global Y direction, w, is
the natura! Irequency form mode wn" and n = 1,2,3,
Ven, V," and vy, are the translational and rolational
components of mode n.

Tbhe genera eigenvalue problem presented here
cannot be eclved in clcsed lorrn because of jls cu-
bic chara.ceristic equation. Nevertheless, this equa
tion can be solved lor the apeclal case oC identical
translational stiffness in orthogonal directions. Then
K. = K, = K. The solution oCthis special problem,
with a single translationa stifiness 1, will provide
insight into the more general problem.

The eigenvalue solution @r this system can be ex-
pressed as:

Qe 3ol (9

[0 @) - )

0, =1 2

where: e? = e +el is a measure 0Cglobal eccentric-
ity, 2 = (wa/w)? is ratio oCcoupled to uncoupled
frequencies, w = K/M. and €? = K,/K is the ra-

Figure 2: Twelftb'ficcr acceleration reccrds. EW
direclioo. Mt. Lewis earthquake.
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Figure 3: Roof SW coroer relative displacements.
MI. Lewi. earthquake.

-tio of torsional 10tr anSational stiffness at the center
oC .lifro.... (Nole Ihal (e./r)" i. equal lo Ihe ralio
of trandationu to torsional periods oCan uncouple
y.tem.)

Alter sorne numerical manipulation it can be
shown tbat:

- 050 =- (£)’ @

These equation! indicate that Cor similar uncou-
pled torsional and translational periods (values oC
e,/ close [0 one), and small static eccentricities, the
three coupled natural periods oCthe system could be
extremely close.
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Figure 4. Twelflh ficor N5 relative dlsplacements
(SW comer) and |orsion (EW records], Loma Pri-
eta eertbqueke.

e —

Figure 5. Ratio al unceupled tran.lational aad ter-
eianal perioda fcr & regular one etory structure.

A

Tbe mode shapes that correspond lo Ihi. eigen-
value edluticc have the following form if e, # Oand

& #0:
;AL. & et '
1=y [ 1=y
®= I o 1 (4)
ceelr gy zesfr
_01 . l-ﬂa

Tbeo the mode that corresponds lo N, (=1) i. a
pure tran. lational modej the predominant direction
ol the mede il skewed relerlve lo the referente axes,
iDaccordance wilh tbe global eccentricity. .
. Close_torsional and translational .uncoupled pe-
ricds are typically oh..rved iD systems that have
unifcrm distribution of stiffness. in plan ‘(Newmark
(1969)). , For regular space frame structures | hese pe-
riods can |heo be quite clcse, 11 can be .hown that
lor one story:frames or multi.story frames with ooly
three degrees of freedom per .|ory [chain systern] tbe
ratio of translational o torsional uneeupled periodo
can be obrained by Equation 5 if Ihe .y.tem has |he
lollowi ns characteristics: & multiple columns evenly
di.tributed, b) uniform distribution 0Cmass; €) co-
incident unter of mass and stiffness;:d) aH columna
with |hesame|iffness in a given direction, €) & shear
behavior wilb three degrees of freedom per .lory (Iwo
honzontal tranllation. and one in-plane rotation ‘at

%
&3,
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Figure 6: Twelfih floor motion Mt. Lewis evento In-
put ground motion 0-40 seconds. EW relarive dis
plecemem, SW cerner. a) First three modes, low
damping model (1 %), b) Firsl mode, low damping
model. e) Second mode, low damping model. d) First
tbree modes, mod erare damping model (5 %). Model
— — Record .......

center oC mass), d) <1 vertical elemenre with negli.
gible torsional stitrness, and ) radio cf gyration de-
fined io terms of tbe extemal column position and
distributed mass.

Tee\? = (BN -1y + (N2 - 1))
(5‘;) (5)

(No— 1)’(4’, 2 +(N, - 1)
where: N or 4 is the number of column lines in the
x or y direction, dz or y is the spadog between twc
eensecutive columna iDthe X or Y direerice, k, , ,
ia the stiffness oC a individual coJumn intbe X cr Y
direction, T_ i. the uncoupled tranllational period
in the X direcrlon, and T4 is the uncoupled toraional
period. . - s

« For |bespecial case of a square building wilh equal
etructural,.y.tems in both directions, thi. formula

H -

ccan pe simplified Al CollOW.: v . asbe . vea,
‘NO=N. =N, do =dy and k; =k, . % r0.

”th“‘ SA. ANl e e oM Ji fi.3° 170men Fad

.(T..)’_'"(NH) e e ‘
Ta/,. N_1) ... ° . * (6)

It can be seen in Fig. 5 that this ratio quickly
approaches one as the number oCcolumns increases.

For regular frames with an even distribution stitr.
ness in plan and Imall eccentricities the Collowing as-
eumplion can be made (c/r)' € land (C./r)"' =~ 1
So Equalion. 2 and 4 can be approximaled by:
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where:  tbe mode shapee are normalized so tbat
®!{d; = 1, [see also Kelly (1990)). NS

Finally, Ihe coupled nalural CreguenciesoC lhe .ys:
tem can be Cound from Equation 7 making use again

(8) Values besed on Ihe appearance (C response weve

oC tbe assumption 0C .mall eccentricities: forms. "< ARGIQYE WG i b {1sere W
L e
Cpp iMmTwmARw 150 Tablo 2; Response maxima.

The cleseaeee oC tbe predominanl periods and |he :
three dimensional characteristics oC the modes ahape, mme ol R {/I98H4 1'\&]3‘6 : 1%59
will produce responses that can increese .ubstan- T — - T
tially the severity oC the linear response oCthe cou- H Bese Pesk Rec. Aee (g) 004 004 010
pled syetem [eee Bercechek (1991) . Alootbe lime ~— V BasePeak Rec. Aee (g) 002 002 0.11
hiatory responses oC this systems are Itroogly modu- Max Sir. Aee. (Ig) 017 032 034

Max SIr. Orift (cm)’ 18.64 3319 38.17
Tonional Oi ! 728 1222 12.32
3 BUCLDING RECORDEO RESPONSE :: o(;rf]]l[olr;de)clsp (em) 041 072 085

Inpul Ouralion EW (sec.) 55 27 28

The reccrded oC the San Jase building have
Toponse g nave Inpul Owalion NS (sec.) 56 32 35

been studied extensively, Cor example, Boroschek and

i T

watfte

oads. | Mahin (1989; 1990, 1%0; 1991). Besic dynamie  De€se Shear EW (V/W) . 008 006 018
: Base Shear NS (V (W) 009 015 017

properties and response envelopes were obtained di-
rectly Crom the records. The dynamic properties oC
the building are presented in Table |. The maximum
response envelopes ohtained duriog the three eartb-

(o) Defined as the ratio oC the peak acceleration at
a locatioD to the corresponding acceleration at the
ground. (b) Al recording position. (€) Maximum

'-t.a-"-‘r‘y.
SIS
Rty

oA
G

quakes studies are presented in Table 2. Figures 2
tbrough 4 show |Ometime histories obtained in the
building.

It can be concluded, Crom |he analy.is oC lhe re-
eponse records, |bat tbe building presents a rather
flexible 1* cuelural 1y.lem wilh relalively low damp-
ing. The predominant perlad was found lo be near
2.2 seconds and modal damping i. believed lo be
below 3% of critical. Because of the similar frame
etructural characteristics in both directions &nd the
even di.tribution of stiffness in plan, the predomi-
nant perl ods oC the sy.tem are-quite close. The close-
ness oCthe penods together with small eccentrici-
ties present in the strueture produced the strongly
coupled lateral-torsional behavior observed in the
records. Because oCthe spatial characteristics oCthe
frame. tbe coupli ng affects both directions and the
rotation ror most of the modes studied. The ec-
cenlricily Ihal produce Ihe lorsionaly eoupled re-
sponse can be associated with the irregular distri-
bution of the mass and Cramingirregularities caused
by a greater number oCstructural and nonstrudural
elements on the west and south sides oC the building.

difference between recordings at same building side.

The slruelure responded .Irongly lo Ihese rela:
lively minor earthquakes. 11 i. believed |hal lhe
intensity oC tbe structural response was cause<! by
Ihe building’s relalivoly low damping, |he three-
dimensional medes oC the building constr uctively re-
inforcing one another during portions oC the motion,
the input duration, the possible resonance effect on
Ihe building caused by lhe clo.e maleh oC the dy.
Damic characteristics oC the site and the structure
and the relatively large f]exibitity oCthe structure.

4 ANALYTICAL MOOELING ANO PARAMET -
RIC STUDIES .

Three-dimensional linear and non-linear numerical
models oCthe complete structure were developed
to llimulate the recorded responses and to perform
parametric studies. Static and dynamic analyses
were performed. T he dynami c analyses consider uni-
directional as wel as bi-directionat input molions
with and witbout torsional input excitations. Sev-
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eral parameters were monitored during the analy-
ses: maximum displecemente, interstory drifts, base
shear, maximum ductility demande, maximum cu-
mulative ductility and element Corees The final
model bad 2418 elements.

Linear models

The mcdel was developed usiog inCormation from
building plans and lite iaepections. A good ma.tch
was obtained when tbe models included the center-
tc-center member dimensiona [l.e., no rigid panel.
were included lo model the 8exibility o€ the beam-
column joints), mass magnitude and distributioD as
estimated Irom structural plens, nominal element
propertlee, and a modal damping ralio lypically asso-
ciated witb steel structures responding in the linear
range (1-3% oC crilical). By further adjusling tbe
actual mass distribution and incorporating the deck
contribution lo the beam stlffness, computed global
results were virtually identical |0 recorded values.

Frern analyses 01 diflerent Icading conditions it was
concluded lhat in arder lo reproduce tbe building'.
response, both horizontal components of tbe ground
records ahould be included. Bi-directional effects ec-
counted. for nearly 22% of the response in orthogonal
directions. Toniona! input motion bad a emall effect
oo the overall response oC the structure.

The dampiog ralio did have an important effect
op the response of the model «. Because 0C the rapid
8uctuations oC spectral accelerations with perioda
present in lightly damped sYltems, the response 0C
tbe low damping models used in the Itudy were very
sensitive to modeling uncertainties | hat inftuence the
penod estimates.

Also tbe models a strong sensitivity lo the
position oC Ooar center oC mass. Increasing |be eccen-
Iricily by 5% oC Ihe building'. largest plan dimension
reduced displacements and shears i0 bolh direelioo.
by a maximum 01 36% and increased ftoor rotations
by nearly J44% and base torque by-160%. The ralio

0'maximum base torque | Omaximum base shear "U

increased by 180% whea |hi. -ddxtmm.l eooentﬁcity

"al included. i iia
«, The modal g '&hn‘ m ‘@N

model parameters. Small cha.nga of_ahﬁnul io ooe
direclioo' reduce | he coupling, i0 séme modal com.
ponents;’ by 'nearly 75%. - This ‘demonstrates the diC.
ficully io reproducin« |he coupled behavior:of |he
structure: . W - ' }' y

*The I:nea.r model conflrmed thgl 'Ihe mty oC
Ihe response 10U caused io part by lhe modal in.
teraction 0C the three dimensional .truduru modes.
Figure 6, Cor examples+holO' |be response oC a model
with relatlvely low damplng to tbe fint 40 seconds

P |

uﬂn-’\' 3&3{! -mm

ioa‘e..‘“

oC tbe MI. Lewis earthquake. In pan (a oCthe
figure the response 0C the analylica) model with 1%
viscous da.mping is compared witb the recorded mo-
rien. Parts (b) and (e) cf the figure shcw the first
and second mode contribution te the displacement
iD the EW direction. Here it can be seen that the
first and second modes individually have lighlly at-
tenueted responses after about 30 seccnds oC motioo.
However, tbe two modes go in-and out of phaee, re-
.ulting in constructive a.nd destructive interference
that produces a large dip in the combined response
at seccnd 30 andan Increase in response up to second
60.

An analysis was also performed considering 5% vis-
cous damping. Here (Fig. 6d), the response cf the
individual modes aUenuate so quickly that virtualy
po beating under free vibration can occur and Hule
lignificant motion occurs afier 35 seconds.

4.2 Nonlinear models

The building studied did act suffersignificant inelae-
tic behavicr: so the nonlinear cherecterlerics oC the
models were not lit to any cf the obeerved responses.
Nevertheless the nonlinear model was used to study
tbe effect of nonlinearities, additional eccentricities,
damping and ground motioo characteristics io the
global response of tbe lystem. The element. devel-
oped by Riahi et al (1978) were used io lhe anal-
yai.. These element. are three dimensional beam:
columna witb a multidimensional interaction yield
urface (P,M" Mp M,).

Initially a nearly triangulu static lateral loading
was gpplied to the atructure. The load deCormation
curve lbowed that, due te the pattern oC yielding,
tonional rotation. can grow more rapidly than the
displacements at |he cenler oC mass in |he direelion
oC loading, Figs. 7 and 8. Nevertheless, after severe
yieldiog oC Ihe.y.lem has oeeurred | he displacement
grows much faster than tonioDal rotations (energy
diuipaliog mechani.m i. maioly Iran.lalional). lo
olber words, apparent coupling between translations
and rotations io amulli-lory .Iruelurei. highly de-
pendable on./he slory o€ loading. |neIuI|ep|| Irlbu-
lion and level oC inelastic behavior.

ney PO lhe dyoamie studies five eu'thquake recordl
me considered: the recorded base building records
during |he Morgan HiU (1984). MI. Lewi. (1986)

and Loma Priela (1989) events (because oC |heir pe-

riod. characteristics these are con.idered as a 10ft . ite
record.).,u well &1 the Mexice SCT (1985) and El

Centro (1940) events. 80lh horizontal componenls

0C these earthquakes were used in all the analyses.
Thbe record. were .caled lo difrerenl . values oC effec-
tive peak acceleration to obtain' the response 0C the
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h R C @l T maxtmum rotational ductility demand en'the Itrong
| S b *j’ ""’1’-‘ F' 7 ¥ frame girders: (maximum'increment was<22%)- and
il reducing the tumulative ductility demand Cn'tbese
1 . lame elements (maximum reduetion was 58%). 0O

the other hand, Icr the elastic modele the varia.
U tion oC moment ratios fcr tbe strong frame girders

- - increased (Up to 40%) oc decreeeed (25%) for the dif-
==1 ferent grouDd motians studied. Slrmla: trends were

Lot . _t._'_:l o "' T observed fOI the inter-story drifts. = (. ..

B - 2 Also;theadditioo ofthlseccentr|C|ty had the efrect

Figure 7: Base shear-twelfth 800r dieplacement. EW . of redistributing Inelasrie demands between ort hog-
ead NS directions. _ “ " onal 'directions."/In"Some' tases 'Lhe 'maximum due-
o o Cooenrmenees tility demand ror ‘- given earthquake changed from
N S — . b l"“'f ‘i.one direction ‘to’ the orthogonal dlrect:on, when tbe

o2z t‘{ B . S Teesein atu T additional eccentricity was ‘included: bis E“““*

LERNE:{ s . o = 1.{; & ﬂk‘ﬂlﬁr ;Fq-\ ﬂ!bi"h -u'.‘ ,_‘.j_ i !.},

o Y -1} 3008
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3 : e 5 CONCLUDiNG R.EMARKS
LRI = i ‘The results OC this investigation agree with findinga
-l.U 4 from the analyses of simple etructures developed in
Moo z2e0.. 42000 M other investigations. lo general, the existence of toro
BASE mEAR (m sicnel behavior in nearl y regular space feames has the

Figure8: Normalized twelfth floor torsional rotations ~ effect of increasing the stress or duclility demands

(914Ew) a Center of Mase. Static-to-collapse anal- in elements located far away Ircm the center of ro-
y.i. for the EW direction, tation and changes the maximum translational die

placements. These effects are more severe ror elastic
i . ' ) structures than inelastic struetures and are highly
tructure a ditrerent levels or inelastic behavior. dependent on the cha_racterlstlcsor the input grouad

Analyses using different ground motians indicate  molion.
that the properties of the input motion have a atrong
effect on the response of the models. These differ.
ences are more pronounced ror elastic than ror in-
elastic responses.

It was found that the ratio or in-plane torsional
rotatioos to lateral displacements (Mappareot cou.
pling" ) could increase or decrease depending on the
level or inelastic behavior and the characterislics oc ~ Boroschek, R. L. (1991). "lavestigation of the seis
the input graund motion. Nevertheless, some scat- mie response fo a lighUy damped torsioadlly
ter was found ri0m the results. This indicates that coupled building." PhD thesis, Civil Eagiaeer-
more analyses are needed to identiry a trend on the ing. U of California Berkeley.
response and iLs relation to the observations regard. ~ Kelly, J. (1990). "Coupled lateral tOrlional re-
iDgdecoupling of torsional and lateral motions made sponse or base isolated buildings” Course
on the basis or the statie load to collapse studies 290D Notes, U or California, Berkeley.
and the effect or input motion predominant direc- ~ Mahin, Borosehek, and Zeris (1989). "Eagineer:
lion observed rrom the recorded torsional response ing interpretation of responses or three instru-
of the building and simple lineAr models studied by mented buildings in San Jose.” Seminar on
Boroschek (1991). Seismological and Engineering Implications 01

Results from the analyses that considered added Recent Srong Motion Doto, SMIP.«
mass eccentricities indicate that, contrary to what
was found ror models subjected to unidire)(/:tional in. Newmark, N. M. (1969).
pub, displacements at center or mass (or at a fixed
point on the story plan) could decrease or inerease
depending on the building's eharacteristics and the
properties or the input ground motion. An increase
in eccentricity, rrom O to 10% or the maximum
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