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ABSTRACT:  The  effects  of plan  asymmetry on  the  earthquake  response of code-
designed, onestory systems are identified with  the objective of evaluating how well 
these  effects are  represented by  torsional  provisions  in  building codes.  The earth-
quakeinduced deformations and ductility demands on resisting elements of asym-
metricplan  systems,  designed  according  to  several  different  codes,  are  compared 
with  their  values  if  the  systcm  plan  were  symmetric.  The  presented  results  dcm-
onstrate  that  the design eccentricity in  building codes should he modified  in  order 
to  achicve  the  desirable  goal of similar ductility demands on asymmetricplan  and 
symmetricplan systems.  The  design  eccentricity  should be  defined  differently  for 
elastic and inelastic systems;  in  the latter casc,  it  should vary with the design force 
level or anticipatcd dcgree of inelastic action.  However, it does not appcar possible 
to reduce the additional element deformations due to plan asymmetry by modifying 
the  design  eccentricity;  these  deformations  should  be  provided  for  in  building 
design. 

INTRODUCTION 

The  evaluation  of torsional  provisions  in  building  codes  based  on com-
puted responses of elastic, asymmetricplan systems has been  the subject of 
numerous studies in  the past (Chandler and Hutchinson 1987; Humar 1984; 
Poole  1977;  Rutenberg and Pekau 1983,  1987,  1989; Tso  and  Meng  1981). 
Several  of  these  investigations  have  suggested  a  larger  eccentricity,  com-
pared with  current codes,  in  order to  reflect  the dynamic  amplification of 
the  torsional response arising from  plan asymmetry.  However, because the 
effects of plan  asymmetry may  differ significantly between elastic and  ine-
lastic systems (Goel and Chopra 1990), these conclusions may not be directly 
applicable  to  codedesigned  buildings,  which  are  expected  to  deform  sig-
nificantly  beyond the yield  limit  during  intense  ground shaking.  Similarly, 
even the results of some inelastic response studies  (Esteva 1987; Irvine and 
Kountouris  1980;  Kan  and  Chopra  1981)  may  not  be  applicable  to  code-
designed  systems  because  the  assumed  planwise  distribution  of structural 
strength  is  not  representative of codedesigned  buildings,  and  the strength 
distribution  can  significantly  influence  inelastic  structural  response  (Goel 
and Chopra 1990). 

The  inelastic  response  of  systems  with  planwise  strength  distribution 
representative  of codedesigned  buildings  was  a  subject  of  two  recent  in-
vestigations  that  reached different conclusions  (Rutenberg et a1.  1989, Tso 
and  Hongshan  1990).  In  one  of  these  investigations  (Tso  and  Hongshan 
1990),  the  strength  eccentricity  of codedesigned  systems  was  determined 
to be approximately zero even if their stiffness eccentricity is  large,  and the 
ductility demands on the resisting elements of asymmetricplan systems were 

Iprof., Dept.  of Civ.  Engrg.,  Univ.  of California,  Berkeley,  CA 94720. 
2Visiting  Asst.  Res.  Engr.,  Dept.  of Civ.  Engrg.,  Univ.  of California, Berkeley, 

CA  94720. 



 

shown to be about the same as if the plan were symmetric. The other studyshown to be about the same as  if the plan were symmetric. The other study 
(Rutenberg et al. 1989) demonstrated that the largest ductility demand(Rutenberg  et  al.  1989)  demonstrated  that  the  largest  ductility  demand 
among all the resisting elements may not occur in flexibleside elements,among  all  the  resisting  elements  may  not  occur  in flexibleside  elements, 
although they experience the largest deformation, but in stiffside elements;although they experience the largest deformation, but in stiffside elements; 
moreover, in contrast to conclusions reached by Tso and Hongshan (1990),moreover,  in contrast to conclusions reached by Tso and Hongshan (1990), 
the peak ductility demand in asymmetricplan systems was shown in manythe  peak ductility demand  in asymmetricplan systems was  shown  in many 
cases to significantly exceed that in symmetricplan systems.cases  to  significantly exceed  that  in symmetricplan systems. 

However, both investigations were concerned with the earthquake reHowever,  both  investigations  were  concerned  with  the  earthquake  re
sponse of structural system with three resisting elements, all oriented alongsponse of structural system with three resisting elements,  all  oriented along 
the direction of ground motion and none in the perpendicular direction—the  direction  of ground  motion  and  none  in the  perpendicular direction

system that may experience significantly larger torsional motions thanaa  system  that  may  experience  significantly  larger  torsional  motions  than 
systems with resisting elements in each direction (Goel and Chopra 1990).systems with  resisting elements  in each direction  (Gael and Chopra 1990). 
Furthermore, in implementing the code design, these studies did not preFurthermore,  in implementing  the  code  design,  these  studies  did  not  pre
clude the possibility of the design force for  stiffside element falling belowclude the possibility of the design force for aa stiffside element falling below 
its symmetricplan value. Because most actual buildings invariably includeits  symmetricplan value.  Because most actual  buildings  invariably include 
resisting elements in both lateral directions to provide resistance to the tworesisting elements in both lateral directions to provide resistance to  the two 
horizontal components of ground motion, and because several codes andhorizontal  components  of ground  motion,  and  because  several  codes  and 
general design practice may not permit element design forces to be reducedgeneral design practice may not permit element design forces  to be reduced 
below their symmetricplan values, the conclusions of Rutenberg et al. (1989)below their symmetricplan values,  the conclusions of Rutenberg et al.  (1989) 
and Tso and Hongshan (1990) may be restricted to the system consideredand Tso  and  Hongshan  (1990)  may  be  restricted  to  the  system  considered 
and the underlying assumptions, and therefore they are not generally apand  the  underlying  assumptions,  and  therefore  they  are  not  generally  ap
plicable. Obviously, there is need for more comprehensive investigation toplicable.  Obviously,  there  is  need for more comprehensive investigation  to 
develop a better understanding of the planwise distribution of strength indevelop  a better understanding of the planwise  distribution of strength  in 
codedesigned systems and their response behavior in order to evaluate andcodedesigned systems and their response behavior in order to evaluate and 
improve code provisions.improve code provisions. 

Aimed toward fulfilling this need, the main objective of this work is toAimed  toward  fulfilling  this  need,  the  main  objective  of this  work  is  to 
investigate the effects of plan asymmetry on the earthquake response ofinvestigate  the  effects  of plan  asymmetry  on  the  earthquake  response  of 
codedesigned, onestory systems and to determine how well these effectscodedesigned,  onestory  systems  and  to  determine  how  well  these  effects 
are represented by torsional provisions in building codes. For this purpose,are represented by torsional provisions in  building codes.  For this purpose, 
we first determine how the design provisions in various codes influence thewe  first  determine how the design provisions in various codes influence the 
element design forces. Subsequently, the deformation and ductility demandselement design forces. Subsequently, the deformation and ductility demands 
on resisting elements of asymmetricplan systems are compared with theiron  resisting  elements of asymmetricplan  systems  are  compared with  their 
values if the system plan were symmetric. Based on these results, deficienciesvalues if the system plan were symmetric. Based on these results, deficiencies 
in code provisions are identified and improvements suggested.in  code provisions  are  identified  and  improvements suggested. 

TORSIONAL PROVISIONS IN SEISMIC CODESTORSIONAL  PROVISIONS IN  SEISMIC CODES 

Method for Computing Design ForcesMethod for Computing Design Forces 
The design force  specified in building codes is usually much smallerThe  design  force  VV specified  in  building  codes  is  usually  much  smaller 

than the strength Va required for the system to remain elastic during intensethan the strength Va required for the system to remain elastic during intense 
ground shaking. Instead of computing the base shear from code formulas,ground  shaking.  Instead of computing the  base  shear from  code  formulas, 
which would result in different values according to different codes, the basewhich would result in different values according to different codes, the base 
shear is defined asshear is  defined  as 

V =v=\Vo~   Va (1)(1) 

wherewhere RR == aa  reduction factor  that depends  on  the  capacity of the  systemreduction factor that depends on the capacity of the system 
to safely undergo inelastic deformation during intense ground shaking. Thus,to safely undergo inelastic deformation during intense ground shaking. Thus, 
the element design forces according to various codes would differ only asthe  element design  forces  according  to  various  codes  would  differ only  as 

result of differences in the torsional provisions in the various codes.aa result of differences in  the  torsional provisions  in  the various codes. 
In aa  onestory,  symmetricplan  system,  the  design  force  VV is  applied  atIn  onestory, symmetricplan system, the design force  is applied at 

the center of stiffness (CS). If the floor diaphragm is rigid, all resistingthe  center  of  stiffness  (CS).  If the  floor  diaphragm  is  rigid,  all  resisting 
elements along the direction of ground motion undergo the same lateralelements  along  the  direction  of ground  motion  undergo  the  same  lateral 



 

displacement  u,u, the  lateral  resisting  force  in  the  elements  is  and the 
total resisting forcetotal resisting force VV == Kyu; in which  and y ==  the lateral stiffness ofthe 
displacement  the lateral resisting force in the elements is kjyu, and 

Kyu; in  which kkjyjy and KKy 
the r element and the  total system,  respectively.  Thus,  the design forcethe/ lh element and the total system, respectively. Thus, the design force in 
the r  resisting  element  is  (kjKyy ) V, and  the  forces  are  distributed  tothe y'th resisting element is (kjyIK )V, and the forces are distributed to the 
elements  in  proportion to  their lateral stiffnesses or rigidities.elements in proportion to their lateral stiffnesses or rigidities. 

In  asymmetricplan systems,  the design force  VV is  applied in  an ecc:entricIn asymmetricplan systems, the design force  is applied in an eccentric 
manner from  the  CS  at aa distance equal  to design  eccentricity, ed' whichmanner from the CS at  distance equal to design eccentricity, ed, which is 
defined  in  the  next  section.  Under the  action  of the  resulting  torque 
the  rigid  roof  deck  will  undergo  rotationthe rigid roof deck will undergo rotation ofof eedV1Kes>dV/KSs, wherewhere  KK6ses == %kjy 

(x'j)2  ~Zkixyj is the torsional stiffness about the CS, in which x', = Xf 

defined in the next section. Under the action of the resulting torque edV, 

(X ')2 ++  Iki,<YT is  the  torsional stiffness  about  the CS,  in  which X'j = 
eess

;; xXj
j 

= the distance of the ;'th element oriented in the Ydirection from the=  the distance of the r  element oriented in the  Ydirection from 
center of mass (CM); = the stiffness eccentricity, i.e., the distance becenter of mass  (CM);  eess =  the  stiffness  eccentricity,  i.e.,  the distance 
tween the CM and the CS; and yt ==  the location of the i th  element onenltedtween the CM and the CS;  and Yi the location of the ('"' element oriented 
in the ^direction. Thus, the design force in the /"' element along the diin  the  Xdirection.  Thus,  the  design  force  in  the r  element  along  the 
rection of ground motion isrection of ground  motion  is 

kjy , edV I 

=  K it  ++ K ( x )kjy .••••...••••..•••••..•••••...••••••VV j, =  ̂  V  ^ (  * ' , ) * *  (2) 
y as 

The second term represents the element force associated with its deforThe  second  term  represents  the  element  force  associated  with  its 
mation resulting from deck rotation and thus the change in element forcemation  resulting  from  deck  rotation  and  thus  the  change  in  element 
due to plan asymmetry. Obviously, the torsioninduced forces are distribdue  to  plan  asymmetry.  Obviously,  the  torsioninduced  forces  are 
uted to the various resisting elements in proportion to their torsional stiffuted  to  the various  resisting  elements  in  proportion to  their  torsional 
nesses or rigidities.nesses  or rigidities. 

Design EccentricityDesign Eccentricity 
Most building codes require that the lateral earthquake force at each floorMost building codes require that the lateral earthquake force at each 

level of an asymmetricplan building be applied eccentrically relative to thelevel of an  asymmetricplan building be applied eccentrically relative to 
center of stiffness. The design eccentricity ed specified in most seismic codescenter Qf stiffness. The design eccentricity ed specified in most seismic 
is of the form {Earthquake  1988)is  of the  form  (Earthquake ResistantResistant 1988) 

<?d ==  aes s  $b  . (3a)ed ae  ++  I3b 

eedd ==  oesBe,  I3bpb  . (3b) 

wherewhere bb the plan dimension of the building perpendicular to the direction== the plan dimension of the building perpendicular to the direction 
ofof ground motion; and a,ground  motion;  and  a,  13,(3, and 8and  0  ==  specified coefficients.  For eachspecified coefficients. For each ele
ment, the ed value leading to the larger design force is to be used. Consement,  the  ed value  leading  to  the  larger design  force  is  to be  used. 
quently,  is the design eccentricity for elements within the flexiblesidequently,  (3a)(3a) is  the design  eccentricity for elements within  the tlexitllesidle 
of the building, and  is the design eccentricity for the stiffside elementsof the building, and (3b)(3b) is  the design eccentricity for  the stiffside eleme:nts 
(Fig.  1). 

The coefficients, a,a, and  0  vary  among  building  codes
(Kg I)

The  coefficients,  13p and 8 vary among building codes (Earthquake 
1988; "Tentative Provisions" 1978). For example, the UniformResistantResistant 1988;  "Tentative  Provisions"  1978).  For  example, 

Building  Code  (UBC-88) and  Applied  Technology  Council  (A TC-3) 
visions specifyvisions specify p13  = = 0.05  and0.05 and aa  = = 8 ==  1, with  ==  11 implying no dYll1arnic 
Building Code (UBC88) and Applied Technology Council (ATC3) pro

0  1,  with aa  implying no dynamic 
amplification of torsional response; the Mexico Federal District Code (MFDCamplification of torsional response; the Mexico Federal District Code 

0.1, 8 1,  and aa  1.5, which implies dynamic ampli77)77)  specifiesspecifies 13p == 0.1,  0  ===  1, and  ===  1.5,  which  
fication; the National Building Code of Canada (NBCC85) specifies p = fication;  the  National Building Code of Canada  / "n/~F'   

0.1,0.1, aa  == 1.5, and 8 == 0.5;  and  the New0.5; and the New Zealand CodeL...""UUIIU  (NZC84) species 1.5,  and 0 
P ==  0.1 and  ==  8 ==  1.1.13   0.1 and  aa  0 

The  first  term  in  (3)  involvingThe first term in (3) involving eess is intended to account for the coupledis  intended  to  account  for  the  coupled 
lateraltorsional response of the building arising from lack of symmetry inlateraltorsional  response  of the building  arising from  lack of syrnmetry 
plan, whereas the second term is included to consider torsional effects dueplan, whereas  the second term is  included to consider  effects 
to factors not explicitly considered, e.g., the rotational component of groundto factors not explicitly considered, e.g., the rotational component of 
motion about  vertical axis, differences between computed and actual valmotion about aa vertical axis,  differences between computed and actual 
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FIG.FIG. 1.1. Idealized OneStory System; Elements  and  Are Equidistant from CM;Idealized OneStory System; Elements 11 and 22 Are Equidistant from eM; 

the Mass, Stiffness, and Strength Properties Are Symmetrical about XAxisthe Mass,  Stiffness, and Strength Properties Are Symmetrical about XAxis 

ues of stiffnesses, yield strengths, and deadload masses, and unforeseeableues of stiffnesses, yield strengths, and deadload masses,  and unforeseeable 
unfavorable distribution of liveload masses. This accidental eccentricity,unfavorable  distribution  of  liveload  masses.  This  accidental  eccentricity, 
pfe, which is  fraction of the plan dimension,  is obviously considered inf3b,  which  is  aa fraction of the plan dimension,  b,b, is  obviously considered in 
design to be on either side of the CS. It is considered even in the design ofdesign  to be on either side of the CS.  It is  considered even in  the design  of 
symmetricplan systems, in which case it becomes the total design eccensymmetricplan  systems,  in  which  case  it  becomes  the  total  design  eccen
tricity, because s = 0.O.tricity,  because ees = 

Element Design ForcesElement Design Forces 
The element design forces for an asymmetricplan system are given byThe  element  design  forces  for  an  asymmetricplan  system  are  given  by 

(2), with the design eccentricity, erf, defined by (3a) or (3£>). The first value(2), with the design eccentricity, ed, defined by  (3a) or (3b). The first  value 
ofof eedd will lead to the larger design force in an element in the flexiblesidewill  lead  to  the  larger  design  force  in  an  element  in  the  flexibleside 
of the building.of the building. 

kjy f3bV I ] 
<*esV , ][aesVVV,j =  K ^V ++ -K ~(x'^k(-xj)kiyjy +   (-x)kjy (4)[ (*',•)*/>  (4)

Kyy Ka9s, KKa,9s 

and  the  second  valueand the second value ofof  eedd results in the larger design force in stiffsideresults  in  the  larger  design  force  in  stiffside 
elementselements 

$bVkKjy  f3bV I ]  [oesV8^y  , ]
V, =  — (-x'j)kb +  (-xj)kjy '"  (5)Vj -K VV + -K (-x)kjy (5)[ (*';)*/,y 9s K 9s 

The first term in (4) and (5) is the element force if the system plan isThe  first  term  in  (4)  and  (5)  is  the  element  force  if  the  system  plan  is 
symmetricsymmetric (c(ess == 0), and the second term arises from plan asymmetry. Thus,0), and the second term arises from plan asymmetry. Thus, 
the element design forces for buildings with symmetrical plan arethe  element design  forces  for  buildings with  symmetrical plan  are 



 

i
jyy + $bV 

=  k V +  (3bV kjvlx'jl (6)VKvja (6)
K y K ss 

wherein the first terms of (4) and (5) have been rewritten to emphasize thatwherein the first terms of (4)  and (5) have been rewritten to emphasize that 
element forces always increases because of accidental eccentricity, with thiselement forces always increases because of accidental eccentricity, with this 
increase being larger from codes with larger values of (3. For brevity, dyincrease  being  larger  from  codes  with  larger values  of  (3.  For brevity,  dy
namic response results are presented in this paper only for systems designednamic response results are presented in this paper only for systems designed 
[using (46)] without consideration of accidental eccentricity.  parallel set[using (46)] without consideration of accidental eccentricity. AA parallel set 
of results including accidental eccentricity considerations is available in Goelof results including accidental eccentricity considerations is available in Goel 
and Chopra (1990).and Chopra (1990). 

The design force, h inin  aa resisting element of the asymmetricplan systemThe design force,  VVj , resisting element of the asymmetricplan system 
of Fig. 1, normalized by the design force Vjo, in the element if the systemof Fig.  1,  normalized  by  the  design force  Vja, in  the  element if  the  system 
plan is symmetric, is shown in Fig.  for several codes. The ratio jo alsoplan is  symmetric, is  shown in Fig.  22 for several codes. The ratio V/VV/Vjo also 
is equal to the ratio of the yield deformation of the element in asymmetricis  equal to the ratio of the yield deformation of the element in asymmetric
plan and symmetricplan systems. In calculating V, and Vjo, the accidentalplan and symmetricplan systems.  In calculating Vj and  Vja> the  accidental 
eccentricity fib is ignored. The second term, arising from plan asymmetry,eccentricity  (3b is  ignored.  The second  term,  arising from  plan asymmetry, 
is always additive for flexibleside resisting elements, (4), leading to largeris  always  additive  for  flexibleside  resisting elements,  (4),  leading to  larger 
design forces; this term is subtractive for stiffside elements (5), resultingdesign  forces;  this  term  is  subtractive  for  stiffside  elements  (5),  resulting
in smaller design forces because 8  in all codes. The increase in designin  smaller design  forces  because  0 >>  00 in  all  codes.  The  increase in design
force for  flexibleside element grows with and  the  coefficient  aaand the coefficient in  theforce  for  aa  flexibleside  element grows  with  eess  in the 
design code (Fig. 2). Thus, among the building codes considered, NBCCdesign  code  (Fig.  2).  Thus,  among  the building codes  considered,  NBCC

and  which specify  = 1.5, lead to the largest increase in the8585 and MFDC77,MFDC-77, which specify aa  =  1.5,  lead to the largest increase in  the 
which specify  1, resultdesign force, anddesign force, and UBC88,UBC-88, A TC-3,ATC3, andand NZC84,NZC-84, which specify aa  = = 1, result 

in the smallest increase. The decrease in the design force for  resistingin  the  smallest  increase.  The  decrease  in  the  design  force  for  aa  resisting
element within the stiff side of the building grows with es and the coefficientelement within the stiff side of the building grows with es and the coefficient 
8 in the design code (Fig. 2). Thus, among the codes considered,o in  the design  code  (Fig.  2).  Thus,  among the codes considered,  UBC88,UBC-88,
ATC3,  and  all of which specify 8 = 1, lead to aA TC-3, MFDC77,MFDC-77, and  NZC84,NZC-84, all  of  which  specify  0  =  1,  lead  to  a 
decrease in the design force that is greater than from NBCC85, whichdecrease  in  t.he  design  force  that  is  greater  than  from  N BCC-85, which 
specifies 8 = 0.5.specifies 0  =  0.5. 

Such reduction in design forces for stiffside elements is not permitted bySuch reduction in design forces for stiffside elements is  not permitted by 
several building codes, e.g.,  Peru, and Indiaseveral building codes, e.g., UBC88,UBC-88, Peru, and India (Earthquake(Earthquake ResistantResistant 
1988). According to these codes, the element design forces should be in1988).  According  to  these  codes,  the  element  design  forces  should  be  in
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FIG.FIG. 2.2.  Element Design ForceElement Design Force VVj in AsymmetricPlan System Computed for Sev} in AsymmetricPlan System Computed for Sev

eral Design Codes Normalized by Its Value Vjo, if System Plan is Symmetriceral Design Codes Normalized by Its Value Vjo' if System Plan  is Symmetric 



 

creased  due  to  plan  asymmetry,  but  not  reduced  below  their  values  for aacreased due to plan asymmetry, but not reduced below their values for 
symmetricplan  system,  implying  that  the  second  term  in  (5)  must  be  igsymmetricplan system, implying that the second term in (5) must be ig
nored.  However, other codes and recommendations, e.g., A TC-3, MFDC-nored. However, other codes and recommendations, e.g., ATC3, MFDC
77,77,  NBCC85,NBCC85,  and  NZC84,NZC84,  apparently do  not explicitly preclude such  reand  apparently do not explicitly preclude such re
duction  in  element  design  forces,  thus  leaving  open  this  possibility  in  theduction in element design forces, thus leaving open this possibility in the 
design process.design  process. 

The 1977 Mexico Federal District Code (MFDC77)  specified  the design 
eccentricity by (3) with 1.5,1.5, 8(5  1,  and1, and p13  0.10.1  {Earthquake(Earthquake ResistantResistant 

The 1977 Mexico Federal District Code {MFDC77) specified the design 
eccentricity by  (3) with aa  ==  ==  == 
1988).  The  1987  edition  of  the  code,  MFDC87,MFDC87,  imposes  the  additional1988). The 1987 edition of the code,  imposes the additional 
requirement  that  element strengths  shall  be  such  that  the  strength  eccen
tricity, p, and  the  stiffness eccentricity,and the stiffness eccentricity, ee"s, havehave  the  same  sign;the same sign; eepp  >2:  eess  -
requirement that element strengths shall be such that the strength eccen
tricity,  eep  ,  

0.2b0.2b  when  QQwhen :S< 3, and3,  and  eepp 2:> eess — 0.16 when  (Gomez and Garcia O.lb  when  QQ  >>  33  (Gomez and  Garcia
Ranz 1988), where  is related to the reduction factor  for mediumperiodRanz 1988), where QQ is related to the reduction factor R;R; for mediumperiod 
and  longperiod  systems,  QQand longperiod systems, = = R.R.  The additional  requirements of MFDC-The additional requirements of MFDC

if not satisfied by the element forces from  may be met by87,87,  if not  satisfied  by  the  element  forces  from  MFDC77,MFDC77,  may  be met  by 
increasing the strengths of stiffside elements, as shown in Fig. 2, or by theincreasing the strengths of stiffside elements, as  shown in Fig.  2,  or by  the 
undesirable alternative of decreasing the strengths of flexibleside elements.undesirable alternative of decreasing the strengths of flexibleside elements. 

OverstrengthOverstrength 
The total lateral design force is generally increased due to plan asymmetryThe total lateral design force is generally increased due to plan asymmetry 

because for each resisting element the more unfavorable of the two valuesbecause for  each  resisting element the more unfavorable of the two values 
of ed (3) is used to compute the design force and because some codes specifyof ed (3) is used to compute the design force and because some codes specify 
that the design force for any resisting element should not be smaller thanthat  the  design  force  for  any  resisting  element  should  not be  smaller  than 
its value if the system plan were symmetric. Buildings designed accordingits  value  if the  system  plan  were  symmetric.  Buildings  designed  according 
to  or ATC3 possess the lowest strength, whereas those designedto  UBC88UBC88  or A TC3  possess  the  lowest  strength,  whereas  those  designed 
by  generally possess the largest strength. However, for largeby  NBCC85NBCC85  generally  possess  the  largest  strength.  However,  for  large 

of the stiffness eccentricity, systems designed by  have thevaluesvalues of the stiffness eccentricity,  systems designed by MFDC87MFDC87 have  the 
largest strength because of the aforementioned additional constraint on thelargest strength because of the aforementioned additional constraint on the 
strength eccentricity (Goel and Chopra 1990). The strength increases withstrength eccentricity (Gael and Chopra 1990).  The strength  increases with 
eess and is larger if reduction in design forces of stiffside elements is precluded.and is larger if reduction in design forces of stiffside elements is precluded. 

INELASTIC RESPONSEINELASTIC  RESPONSE 

Codedesigned buildings typically possess  yield force much smaller thanCodedesigned buildings typically possess aa yield force much smaller than 
that required for this system to remain elastic during intense ground shaking.that required for this system to remain elastic during intense ground shaking. 
Thus, the yield force for the system is defined by (1) and the element yieldThus,  the yield force  for the system is  defined by  (1)  and the element yield 
forces are determined in accordance with the torsional provisions of variousforces are determined in accordance with the torsional provisions of various 
codes. The inelastic response of systems designed according to  iscodes.  The  inelastic  response  of systems  designed  according  to  UBC88UBC88  is 
investigated first and is subsequently compared with systems designed acinvestigated  first  and  is  subsequently  compared with  systems  designed  ac
cording to several other codes.cording  to  several other codes. 

From  design point of view, it would be useful to know how the deforFrom  aa design  point of view,  it  would  be useful  to know how  the defor
mations and ductility demands of resisting elements in an asymmetricplanmations and ductility demands of resisting elements  in  an  asymmetricplan 
system differ from those in the corresponding symmetricplan system. Forsystem  differ from  those  in  the corresponding  symmetricplan system.  For 
this purpose, presented in this investigation are the deformations M, andthis  purpose,  presented  in  this  investigation  are  the  deformations  U i  and 
ductility demands p,, of resisting elements in the asymmetricplan system,ductility  demands  Jli  of resisting  elements  in  the  asymmetricplan  system,
normalized by u„ and \x,0, the respective response quantities of the correnormalized  by  U o  and  Jlm  the  respective  response  quantities  of the  corre
sponding symmetricplan system.  Thissponding symmetricplan system. This isis  aa system withsystem with eess

 ==  0,  but mass  m,m,0, but mass 
lateral  stiffnesslateral stiffness KKyv

,,  torsional  stiffnesstorsional stiffness KKes  about  the CS,  and element stiff9s about the CS, and element stiff
the same as in the asymmetricplan system (Goel and Chopranessesnesses  kk jyjy  the  same  as  in  the  asymmetricplan  system  (Gael  and  Chopra

1990).1990). 
The normalized response quantities u,lu0 and (x,/jx0, for the system of Fig.The normalized response quantities u/uo  and Jl/Jlo,  for the system of Fig. 
are presented in the form of response spectra for the first 6.3 sec of the11 are  presented  in  the form  of response  spectra for  the first  6.3  sec  of the 

S00E component of the 1940 El Centra ground motion applied in theSOOE  component  of  the  1940  El  Centro  ground  motion  applied  in  the  YY-



 

direction.  This  excitation  and  its  response  spectra  with  various  frequencydirection. This excitation and its response spectra with various frequency 
regions  identified  are  available  in  earlier  investigations  (Goel and Chopraregions identified are available in earlier investigations (Goel and Chopra 
1990;  Veletsos  and  Vann 1971).  Because  these  responses are  affected very1990; Veletsos and Vann 1971). Because these responses are affected very 
little by the accidental eccentricity (Goel and Chopra 1990), it is not includedlittle by the accidental eccentricity (Goel and Chopra 1990), it is not included 
in computing the design forces for the resisting elements of the asymmetricin  computing the design forces for the resisting elements of the asymmetric
plan system and its corresponding symmetricplan system. Two types ofplan  system  and  its  corresponding  symmetricplan  system.  Two  types  of 
asymmetricplan systems are considered: In the first system, the code designasymmetricplan systems are considered:  In the first system, the code design 
force for the stiffside element can be smaller than the design force of theforce  for  the  stiffside  element can  be  smaller  than  the  design  force  of the 
same element in the corresponding symmetricplan system. In the secondsame  element  in  the  corresponding  symmetricplan  system.  In  the  second 
type, such  reduction is precluded. Each resisting element oriented alongtype,  such  aa  reduction  is  precluded.  Each resisting element oriented along 
the groundmotion direction is idealized as elasticperfectly lastic, with itsthe groundmotion direction  is  idealized as  elasticperfectly lastic, with  its 
yield force defined by the design force; the perpendicular elements are takenyield force defined by the design force; the perpendicular elements are taken 
as elastic, an assumption that has little influence on the response (Goel andas elastic, an assumption that has little influence on the response (Goel and 
Chopra 1990). Several parameters of the system are assigned values as shownChopra 1990). Several parameters of the system are assigned values as shown 
in the figures. These include the normalized stiffness eccentricity ejr, wherein the figures.  These include the normalized stiffness eccentricity c/r, where 

= = the  radiusthe radius of gyration of the rigid deck about the CM; ratioof gyration of the  rigid  deck  about  the CM;  ratio O.n = co9/rr  =  Wei 
u> of the uncoupled torsional and lateral vibration frequencies; and the modalW  of the uncoupled torsional and lateral vibration frequencies; and the modal 
damping  ratio  £.  Further,  we  select  w)w  =  0.5 because thedamping ratio £. Further, we select u>Ju>=  =1 and1 and y"Ix  v =0.5  because  the 
response of codedesigned systems, which possess ep « es, is affected littleresponse of codedesigned systems, which possess cp  < < en  is affected little 
by tov/w, the ratio of the uncoupled, lateral vibration frequencies, and theby  w)w,  the  ratio  of the  uncoupled,  lateral vibration  frequencies,  and  the 
ratio yx of the torsional stiffness due to the resisting elements orientedratio  "Ix  of  the  torsional  stiffness  due  to  the  resisting  elements  oriented 
perpendicular to the direction of ground motion to the total torsional stiffperpendicular to  the direction of ground motion to  the  total  torsional stiff
ness of the system at CS. For specified  of these parameters, theness  of  the  system  at  CS.  For  specified  valuesvalues  of  these  parameters,  the 
locations and stiffness of the resisting elements in the system of Fig.  canlocations  and  stiffness  of the  resisting  elements  in  the system of Fig.  11 can
be computed as described in Appendix B of Goel and Chopra (1990).be computed as  described  in  Appendix B of Goel and Chopra (1990). 

Systems Designed bySystems Designed by  UBC-88UBC-88 
The deformations of resisting elements in the system designed accordingThe deformations of resisting elements in  the system designed according 

to  may be significantly affected by plan asymmetry, as indicatedto  UBC88UBC88  may  be  significantly  affected  by  plan  asymmetry,  as  indicated 
by the deviation of utlu0 or |x,/(x0 from unity (Fig. 3). Plan asymmetry tendsby the deviation of u/uo  or fL/fLo from unity (Fig.  3).  Plan asymmetry tends 
to reduce the deformation of the stiffside element in mediumperiod, veto  reduce  the  deformation  of the  stiffside  element  in  mediumperiod,  ve
locitysensitive systems and increase the deformation of the flexiblesidelocitysensitive  systems  and  increase  the  deformation  of  the  flexibleside 
element, compared with their respective deformations in the correspondingelement, compared with their respective deformations in the corresponding
symmetricplan system. However, the effects of plan asymmetry on elementsymmetricplan system. However, the effects of plan asymmetry on element 
deformations are small for shortperiod, accelerationsensitive systems, anddeformations are small for shortperiod, accelerationsensitive systems, and 
negligible for longperiod, displacementsensitive systems. The increasednegligible  for  longperiod,  displacementsensitive  systems.  The  increased 
strength of the system, resulting from the restriction that the stiffside elestrength of the system,  resulting from  the  restriction  that the stiffside ele
ment design force must not fall below its symmetricplan value, affects thement design force  must not fall  below its symmetricplan value,  affects  the 
response ratio, u,luD, in a manner consistent with the effects of strengthresponse  ratio,  u/uo ,  in  a  manner  consistent  with  the  effects  of  strength
increase on the response of  (SDF) systems (Veincrease  on  the  response  of singledegreeoffreedomsingledegreeoffreedom  (SDF)  systems  (Ve
letsos and Vann 1971).letsos  and  Vann  1971). 

The ratio (V|A0 of the element and ductility demands in an asymmetricThe  ratio  fL/fLo  of the element and  ductility demands  in  an  asymmetric
plan system and the corresponding symmetricplan system also are shownplan system  and  the  corresponding symmetricplan  system  also  are  shown 
in Fig. 3. If the design force for the stiffside element is permitted to bein  Fig.  3.  If the  design  force  for  the  stiffside  element  is  permitted  to  be 
smaller than its value in the corresponding symmetricplan system, oversmaller  than  its  value  in  the  corresponding  symmetricplan  system,  over aa 
wide range of periods the element ductility demand is significantly largerwide  range  of periods  the  element  ductility  demand  is  significantly  larger 
due to plan asymmetry, primarily because the yield deformation of thedue  to  plan  asymmetry,  primarily  because  the  yield  deformation  of  the 
element is smaller in asymmetricplan systems if reduction in its design forceelement is smaller in asymmetricplan systems if reduction in its design force 
is permitted (Fig. 2). However, if reduction in the element design force isis  permitted  (Fig.  2).  However,  if reduction  in  the  element design  force  is 
precluded,precluded, fL/fLoy»J\x,0 =u/uo 

because the yield deformations of this element are=  uju0because the yield deformations of this element are 
identical in the symmetricplan and asymmetricplan systems, and the preidentical  in  the  symmetricplan and  asymmetricplan systems,  and  the pre
viously presented observations on how deformations are affected by planviously  presented  observations  on  how  deformations  are  affected  by  plan 
asymmetry also apply to ductility demand. The ductility demand on theasymmetry  also  apply  to  ductility  demand.  The  ductility  demand  on  the 
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FIG.FIG.  3. RatioRatioofof ElementElementDeformations,Deformations,u;luuju„,o  and Ductility Demands, (Vn,„, for Asymmetric3.  ' and DuctilityDemands, fL/fLo' for Asymmetric-
Plan  ==  4, ejr  ==  0.5, fJ„  ==  1, and £~   5%)  and Corresponding SymmetricPlanPlan  (R(R 4,  e,/r  0.5,  no  1,  and  ==  5%) and Corresponding  SymmetricPlan 

Systems  Designed  by UBC-88Systems Designed by USC-88 

flexibleside element is significantly reduced because of plan asymmetry,flexibleside  element  is  significantly  reduced  because  of plan  asymmetry, 
with exceptions at few periods (Fig. 3), because the yield deformation ofwith  exceptions  at  few  periods  (Fig.  3),  because  the  yield  deformation  of 
this element in the codedesigned asymmetricplan system is significantlythis  element  in  the  codedesigned  asymmetricplan  system  is  significantly 
larger than in the symmetricplan system (Fig. 2). These trends are unaflarger  than  in  the  symmetricplan  system  (Fig.  2).  These  trends  are  unaf
fected by whether the design force reduction for the stiffside elements isfected  by  whether  the  design  force  reduction  for  the  stiffside  elements  is 
permitted or not (Fig. 3), primarily because the yield deformation of thepermitted or not  (Fig.  3),  primarily  because  the  yield  deformation  of  the 
flexibleside element is unaffected by such reduction (Fig. 2).flexibleside  element is  unaffected by  such reduction  (Fig.  2). 

The preceding results have demonstrated that the response of systemsThe  preceding  results  have  demonstrated  that  the  response  of systems 
with and without reduction in the stiffside element design force, arisingwith  and  without  reduction  in  the  stiffside  element  design  force,  arising 
from planasymmetry, may differ significantly. In particular, the ductilityfrom  planasymmetry,  may  differ  significantly.  In  particular,  the  ductility
demand on the stiffside element may increase significantly because of plandemand on the stiffside element may increase significantly because of plan 
asymmetry when reduction in the stiffside element design force is permitted.asymmetry when reduction in the stiffside element design force is permitted.
Since it is desirable that the element ductility demands be similar whetherSince  it  is  desirable  that  the  element ductility demands be similar whether 
the plan is symmetric or not, the presented results suggest that seismic codesthe plan is symmetric or not, the presented results suggest that seismic codes 



 

should preclude reduction in the design forces of the stiffside elementsshould  preclude  reduction  in  the  design  forces  of  the  stiffside  elements 
below their values for symmetricplan systems.below their values  for symmetricplan systems. 

Several earlier investigations (Goel and Chopra 1990; Tso and HongshanSeveral earlier investigations (Goel and Chopra 1990; Tso and Hongshan 
1990) of the earthquake response of asymmetricplan systems with equal1990)  of  the  earthquake  response  of  asymmetricplan  systems  with  equal 
stiffness and strength eccentricities, i.e., pp = e"  indicate  that  the  largeststiffness  and  strength eccentricities,  i.e.,  ee =  es, indicate that the largest 
deformation, as well as the largest ductility demand, generally occurs in thedeformation, as well as the largest ductility demand, generally occurs in the 
flexibleside elements, which were therefore interpreted as the most criticalflexibleside elements, which were therefore interpreted as the most critical 
elements for design purposes. However, the preceding results for the systemelements for design purposes. However, the preceding results for the system 
of Fig.  indicate that although the largest deformation among all the reof Fig.  11  indicate  that  although  the  largest  deformation  among  all  the  re
sisting elements of the codedesigned asymmetricplan systems for which 

ppsisting elements of the codedesigned asymmetricplan systems for which ee
 eess occurs in the flexibleside element, the largest ductility demand may««  occurs in  the flexibleside  element,  the largest ductility demand may 

occur in the stiffside element. Thus, additional care is required not only inoccur in  the stiffside element. Thus,  additional care is  required not only in 
the design of flexibleside elements for deformation demand, but also inthe  design  of  flexibleside  elements  for  deformation  demand,  hut  also  in 
the design of stiffside elements for ductility demand;  similar observationthe design of stiffside elements for ductility demand; aa similar observation 
was also made by Rutenberg et al. (1989).was  also  made by  Rutenberg et al.  (1989). 

Systems Designed by  Various CodesSystems Designed by Various Codes 
The  inelastic  response  of the  asymmetricplan  system  of Fig.  11 with  theThe inelastic response of the asymmetricplan system of Fig.  with the 

element design  forces  determined according  to  various  codes  is  comparedelement design forces determined according to various codes is compared 
next.  The differences  in  the element design forces  arise only from  the  tornext. The differences in the element design forces arise only from the tor
sional provisions  in  various codes because  the  base shear defined by  (1)  issional provisions in various codes because the base shear defined by (1) is 
identical in  each case.  In particular, the corresponding symmetricplan sysidentical in each case. In particular, the corresponding symmetricplan sys
tems are identical for all  the codes with the same design base shear becausetems are identical for all the codes with the same design base shear because 
the  accidental  eccentricity  is  not  considered  in  their  design.  Thus,  the  dethe accidental eccentricity is not considered in their design. Thus, the de
formation  ratio  u/uo and  ductility  ratio  J..l/J..lo  shown  in  Figs.  4  and 55 differformation ratio uju„ and ductility ratio |x,/|x0 shown in Figs. 4 and  differ 
among systems designed by  various codes  because of differences  in  U i and 
J..l;,u.,, whereas the responseswhereas  the  responses  Uuo0 and \L0 apply to all codes. Consequently, in 
among systems designed by various codes because of differences in w, and 

and  J..lo  apply  to  all  codes.  Consequently,  in 
the subsequeI)t analysis of differences in system response designed by variousthe subsequent analysis of differences in system response designed by various 
codes,  the response  ratios  and  the  response  quantities  have  been used  incodes, the response ratios and the response quantities have been used in
terchangeably. 

The element deformation ratio w,/wo0 for  shortperiod,for shortperiod, a c c e l e r a t i o n ~ s e n accelerationsen
terchangeably. 

The  element  deformation  ratio  u/u
sitive and mediumperiod, velocitysensitive depends on the design code;sitive  and  mediumperiod,  velocitysensitive  depends  on  the  design  code; 
however, the response of longperiod, displacementsensitive systems is eshowever,  the response of longperiod, displacementsensitive systems is es
sentially independent of the design code. In the shortperiod spectral region,sentially independent of the design code. In the shortperiod spectral region, 
the deformation varies inversely with the strength provided by the variousthe deformation varies  inversely with  the  strength provided by  the various 
codes (Goel and Chopra 1990),  result that is consistent with earlier obcodes  (Goel  and  Chopra  1990),  aa  result  that  is  consistent  with  earlier ob
servations for SDF systems (Veletsos and Vann 1971). Thus, the systemservations  for  SDF systems  (Veletsos  and  Vann  1971).  Thus,  the  system 
designed by  which possesses the smallest strength, experiences thedesigned by  UBC88,UBC88, which possesses the smallest strength, experiences the 
largest deformation, whereas the  system with the largest strengthlargest deformation, whereas the MFDC87MFDC87 system with the largest strength 
undergoes the smallest deformation, and the deformation of systems deundergoes  the  smallest  deformation,  and  the  deformation  of systems  de
signed according to other codes falls between the two extremes (Figs.  andsigned according to other codes falls between the two extremes (Figs. 44 and 
5). The deformation of mediumperiod systems also decreases with increas5). The deformation of mediumperiod systems also  d e c r e ( : ~ ; e s   with increas
ing strength for some period values, but it may increase with strength foring  strength  for  some  period values,  but  it  may  increase  with  strength  for 
other period values, which again is consistent with earlier results for SDFother period values,  which  again  is  consistent with  earlier  results  for  SDF 
systems. Furthermore, because the structural deformation is known to besystems.  Furthermore,  because  the  structural  deformation  is  known  to  be 
insensitive to the strength of the system in the longperiod region, theinsensitive  to  the  strength  of  the  system  in  the  longperiod  region,  the 
element deformations in systems designed by all the codes are essentiallyelement  deformations  in  systems  designed  by  all  the  codes  are  essentially
the same in this period region.the same  in  this period  region. 

The trends identified herein are generally applicable to systems with strengthThe trends identified herein are generally applicable to systems with strength 
of stiffside elements permitted to be below that of the symmetricplanof  stiffside  elements  permitted  to  be  below  that  of  the  symmetricplan 
system (Fig. 4), as well as to systems where such design force reduction issystem  (Fig.  4),  as  well  as  to systems where such  design  force  reduction  is 
precluded (Fig. 5), except that the deformation tends to be smaller in theprecluded  (Fig.  5),  except  that  the  deformation  tends  to  be  smaller  in  the 
latter case because of increased strength, especially for shortperiod systems.latter case because of increased strength, especially for shortperiod systems. 
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FIG. 4. RatioRatio of Element Deformations,of Element  Deformations,  uJuu/uoM, and  Ductility  Demands,  fL/fLo' for 
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SymmetricPlan Systems Designed by Various Codes; Reduction in StiffSide EleSymmetricPlan Systems Designed by Various Codes; Reduction in StiffSide Ele-
ment Design Force below Its SymmetricPlan Value is Permittedment Design Force below Its SymmetricPlan Value  is Permitted 

It may  be noted  that element deformations  in  systems designed  accordingIt may be noted that element deformations in systems designed according 
to  and  axe the same in the latter case (Fig. 5) becauseto  MFDC77MFDC77 and NBCC85NBCC85  are the same in  the latter case (Fig.  5)  because 
the strengths of the two systems are identical (Goel and Chopra 1990).the strengths of the  two  systems  are  identical  (Goel  and  Chopra 1990). 

It also is apparent from the results of Figs.  and  that although theIt also  is  apparent  from  the  results  of Figs.  44  and  55  that  although  the 
deformations of resisting elements in the asymmetricplan system dependdeformations  of resisting  elements  in  the  asymmetricplan  system  depend 
on the design code, the differences are usually small except foron the design code,  the differences are  usually small except for  MFDC87.MFDC87. 
Such is the case because the strengths of various codedesigned systems areSuch is  the case because the strengths of various codedesigned systems are 
not too different, except that systems designed according to  posnot too different, except that systems designed according to MFDC87MFDC87 pos
sess significantly larger strength in order to satisfy the strength eccentricitysess  significantly larger strength in  order to  satisfy the strength eccentricity 
requirement, i.e., 

p 
&   0.1b (Goel and Chopra 1990).requirement,  i.e., eep ~   eess   O.lb  (Goel  and  Chopra 1990). 

The building code by which the system is designed influences the ductilityThe building code by which the system is designed influences the ductility 
demand ratio u.,/|x0, and thus the ductility demand (x,, for the resistingdemand  ratio  J.L/J.Lv' and  thus  the  ductility  demand  J.L;,  for  the  resisting 
elements;  recall  thatelements; recall that u,J.Lv0 is independent of the design code. The ductilityis  independent  of  the  design  code.  The  ductility 
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FIG. RatioRatio ofof Element  Deformations,Element Deformations, uJuu/uola, and  Ductility Demands,  fJ-/fJ-a' for 

Asymmetric  Plan  (R(R =  4,  e)r  =  0.5,  D.  =  1,  and  ~   =  5%)  and  Corresponding 
SymmetricPlan Systems Designed by Various Codes; Reduction in StiffSide EleSymmetricPlan Systems Designed by Various Codes; Reduction in StiffSide Ele
ment Design Force Below Its SymmetricPlan Value is Precludedment Design Force Below Its SymmetricPlan Value  is Precluded 

demand on  resisting element varies inversely with its yield deformationdemand  on  aa  resisting  element  varies  inversely  with  its  yield  deformation 
and increases proportional to the element deformation. Thus, systems deand increases proportional to  the  element deformation.  Thus,  systems de-
signed by  which possess the smallest element yield deformationsigned  by  UBC88,UBC-88, which  possess  the  smallest  element  yield  deformation 
(Fig. 2) and undergo the largest element deformation, especially in the short(Fig. 2) and undergo the largest element deformation, especially in the short-
period region, experience the largest ductility demand. In contrast, systemsperiod region,  experience the largest ductility demand.  In contrast, systems 
designed by  with the smallest element deformation and largestdesigned  by  MFDC87MFDC87 with  the  smallest  element deformation  and  largest
element yield deformation (Fig. 2) undergo the smallest ductility demand.element yield  deformation  (Fig.  2)  undergo  the smallest  ductility demand. 
Responses for systems designed by other codes fall between the two exResponses  for  systems  designed  by  other  codes  fall  between  the  two  ex-
tremes (Figs.  and 5).tremes  (Figs.  44 and 5). 

If the yield force for the stiffside element in an asymmetricplan systemIf the yield  force  for  the stiffside element in  an  asymmetricplan system 
is permitted to be smaller than its symmetricplan value, the resulting forceis  permitted to be smaller than its symmetricplan value,  the resulting force 
reduction (Fig. 2) causes the ductility demand u., to be larger than its symreduction  (Fig.  2)  causes  the ductility demand  J.Li  to  be  larger than  its sym-
metricplan value u,D (Fig. 4). Among the codes considered, this increasemetricplan  value  J.Lo  (Fig.  4).  Among  the  codes  considered,  this  increase 



 

in ductility demand is  greatest in systems designed  by  UBC88UBC88 and MFDCin ductility demand is greatest in systems designed by  and MFDC
7777 with  0  =  11 (Fig.  4).  If the  reduction  in  element yield  force  because of 
plan asymmetry is precluded, i.e., 8  00 in  (5),  the ductility demandin (5), the ductility demand (x, onfl.;  on 

with 8 =  (Fig. 4). If the reduction in element yield force because of 
plan asymmetry is  precluded,  i.e., 0  == 
the  stiffside  element  in  asymmetricplan  systems  designed  by  any  of  thethe stiffside element in asymmetricplan systems designed by any of the 
codes  becomes similar to its symmetricplan value  fl.o  over aa wide  range  ofcodes becomes similar to its symmetricplan value |x„ over  wide range of 
periods  (Fig.  5).periods (Fig. 5). 

The  ductility  demand  on  the  flexibleside  element  tends  to  be  smallerThe ductility demand on the flexibleside element tends to be smaller 
than on the stiffside element or on the corresponding symmetricplan systemthan on the stiffside element or on the corresponding symmetricplan system 
(Figs.  44 and 5).  This difference  in  ductility demands results primarily from(Figs.  and 5). This difference in ductility demands results primarily from 
the differences in element yield deformation, which is larger for the flexiblethe differences in element yield deformation, which is larger for the flexible
side element compared with the stiffside element or the symmetricplanside  element  compared  with  the  stiffside  element  or  the  symmetricplan 
system (Fig. 2). Codes such as  and  whichsystem (Fig.  2).  Codes such as NBCC85,NBCC85, MFDC77,MFDC77, and MFDC87,MFDC87, which 
specify a  1, lead to  larger increase in the yield deformation of thespecify  ex  >>  1,  lead  to  aa  larger  increase  in  the  yield  deformation  of  the 
flexibleside element (Fig. 2), which therefore experiences smaller ductilityflexibleside  element (Fig.  2), which  therefore experiences smaller ductility 
demand compared with other codes; shortperiod systems designed accorddemand compared with other codes; shortperiod systems designed accord
ing to  tend to experience the smallest ductility demand becauseing  to  MFDC87MFDC87 tend  to experience  the smallest ductility demand because 
the element deformation is smaller than in systems designed by other codes.the element deformation is  smaller than in systems designed by other codes. 
The previously mentioned trends are similar in systems with design forceThe  previously  mentioned  trends  are  similar  in  systems  with  design  force 
reduction in stiffside element (Fig. 4) and without such force reductionreduction  in  stiffside  element  (Fig.  4)  and  without  such  force  reduction 
(Fig. 5) primarily because the yield deformation of the flexibleside element(Fig.  5) primarily because the yield deformation of the flexibleside element 
is identical in the two types of systems (Fig. 2).is  identical  in  the  two  types of systems  (Fig.  2). 

The preceding results demonstrate that element deformations of systemsThe preceding results demonstrate that element deformations of systems 
designed according to most building codes, except  are not verydesigned  according  to most  building codes,  except MFDC87,MFDC87,  are not very 
different; however, the ductility demands may differ significantly amongdifferent;  however,  the  ductility  demands  may  differ  significantly  among 
these systems. If reduction in design force of the stiffside element belowthese  systems.  If reduction  in  design  force  of the  stiffside  element  below 
its symmetricplan value is permitted, the yVZ?CC85designed system hasits  symmetricplan  value  is  permitted,  the  NBCC85designed  system  has 
the desirable property that the ductility demand on the stiffside element isthe desirable property that the ductility demand on the stiffside element is 
closest, among all codes considered, to its symmetricplan value (Fig. 4). Ifclosest,  among all codes considered,  to its  symmetricplan value  (Fig.  4).  If 
such design force reduction is not permitted, the ductility demands on thesuch design  force  reduction  is  not permitted,  the  ductility demands on  the 
stiffside element of systems designed according to all codes considered,stiffside  element  of systems  designed  according  to  all  codes  considered, 
except  are similar and close to or slightly below the symmetricexcept MFDC87,MFDC87,  are similar and close  to or slightly below the symmetric
plan value. In particular, the ductility demand on the stiffside element inplan value.  In particular,  the ductility demand on  the  stiffside  element  in 
the Mf£>CS7designed system tends to be significantly reduced becausethe  MFDC87designed  system  tends  to  be  significantly  reduced  because 
of plan asymmetry, suggesting that the additional requirement imposed inof plan asymmetry,  suggesting that the additional  requirement  imposed in 
this code to restrict the strength eccentricity may be unnecessary.this  code  to  restrict  the strength eccentricity may be unnecessary. 

ELASTIC RESPONSEELASTIC RESPONSE 

It is the intent of most seismic codes that buildings suffer no damageIt  is  the  intent  of  most  seismic  codes  that  buildings  suffer  no  damage 
during some, usually unspecified, level of moderate ground shaking. Thus,during some,  usually unspecified,  level of moderate ground shaking.  Thus, 
the elastic response of asymmetricplan systems designed according to sevthe elastic response of asymmetricplan systems designed according to sev
eral building codes is examined next.eral building codes  is  examined next. 

TheThe normalized deformationnormalized deformation u;luuju0o  and ductility demand u., are presentedand ductility demand  fl.i  are presented 
in the form of response spectra for the El Centro ground motion;in  the  form  of response  spectra  for  the  El  Centro  ground  motion;  valuesvalues 
for other parameters are fixed: ejr  0.5,0.5,  RR  1, and  == 5%. ==  11for  other  parameters  are  fixed:  e,Jr  ==  == 1, and £~   5%.  RR 
implies that the design strength  of the corresponding symmetricplanimplies  that  the  design  strength  VV  of  the  corresponding  symmetricplan 
system is just sufficient for it to remain elastic during the selected excitation.system is  just sufficient for it to remain elastic during the selected excitation. 
However, as will be shown in subsequent sections, the codedesigned, asymHowever, as will be shown in subsequent sections, the codedesigned, asym
metricplan system may not remain elastic.metricplan system may not  remain  elastic. 

Systems Designed bySystems Designed  by  UBC-88UBC-88 
The deformation of resisting elements in systems designed byThe  deformation  of resisting  elements  in  systems  designed  by  UBC88UBC88 

may be significantly affected by plan asymmetry. The deformation of themay  be  significantly  affected  by  plan  asymmetry.  The  deformation  of  the 



 

stiffside  element  is  reduced  because  of  plan  asymmetry  for  most  short-stiffside element is reduced because of plan asymmetry for most short
period,  accelerationsensitive  and  mediumperiod,  velocitysensitive  sys-period, accelerationsensitive and mediumperiod, velocitysensitive sys
tems,  whereas  deformation  of the  flexibleside  element  in  such  systems  istems, whereas deformation of the flexibleside element in such systems is 
considerably  increased  (Fig.  6).  The element deformations of longperiod,considerably increased (Fig. 6). The element deformations of longperiod, 
displacementsensitive systems are essentially unaffected by plan asymmetrydisplacementsensitive systems are essentially unaffected by plan asymmetry 
(Fig.  6).(Fig. 6). 

The ductility demand for stiffside and flexibleside elements in the asym-The ductility demand for stiffside and flexibleside elements in the asym
metricplan  system  exceeds  one  in  some  period  ranges  (Fig.  6),  indicatingmetricplan system exceeds one in some period ranges (Fig. 6), indicating 
yielding  in  these  elements,  which  were  designed  to  remain  elastic  if  theyielding in these elements, which were designed to remain elastic if the 
building plan were symmetric. The stiffside element yields more if its designbuilding plan were symmetric. The stiffside element yields more if its design 
force is permitted to fall  below its symmetricplan value because this resultsforce is permitted to fall below its symmetricplan value because this results 
in smaller yield deformation (Fig. 2). As  corollary, this element yieldsin  smaller  yield  deformation  (Fig.  2).  As  aa  corollary,  this  element  yields 
less if reduction in its strength is not permitted. The flexibleside elementless  if reduction  in  its  strength  is  not  permitted.  The flexibleside  element 
yields primarily because of its significantly larger deformation (Fig. 6) comyields primarily because of its significantly larger deformation (Fig.  6)  com
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pared to  the  symmetricplan  system,  although  its  yield  deformation  is  alsopared to the symmetricplan system, although its yield deformation is also 
larger (Fig.  2).  However,  its ductility demand is  unaffected whether reduc-larger (Fig. 2). However, its ductility demand is unaffected whether reduc
tion  in  the  stiffside  element design  force  is  permitted  or not  because  thetion in the stiffside element design force is permitted or not because the 
peak deformation  as  well  as  the  yield  deformation of the flexibleside  ele-peak deformation as well as the yield deformation of the flexibleside ele
ment  is  unaffected by  such  reduction.ment is unaffected by such reduction. 

Systems Designed  by  Various CodesSystems Designed by Various Codes 
The results of Figs. 77 and 88 show that the normalized element deformation,The results of Figs.  and  show that the normalized element deformation, 

u/uo ,  is  essentially  independent  of  the  design  code  over  aa  wide  range  of 
period values,  and,  asperiod values, and, as mentioned earlier, at each period valuementioned earlier,  at each period value uU0o  does not 
Uj/u0, is essentially independent of the design code over  wide range of 

does  not 
vary with the code. Therefore, the element deformations are essentiallyvary  with  the  code.  Therefore,  the  element  deformations  are  essentially 
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independent of the design code, which results from the fact that asymmetricindependent of the design code, which results from the fact that asymmetric
plan systems designed with  11 [see  (1)]  respond  only  slightly  beyond[see (1)] respond only slightly beyondplan  systems  designed  with  RR  == 
the elastic range, in which case the differences in the strengths of systemsthe elastic  range,  in  which  case  the differences  in  the  strengths of systems 
designed by various codes (Goel and Chopra 1990) have very little influencedesigned by various codes (Goel and Chopra 1990) have very little influence 
on the response. These and the subsequent observations are valid regardlesson the response. These and the subsequent observations are valid regardless 
of whether the design force for the stiffside element is permitted to fallof whether  the  design  force  for  the  stiffside  element  is  permitted  to  fall 
below its symmetricplan value (Figs.  and 8).below its  symmetricplan value  (Figs.  77 and 8). 

Although the element deformation ut in systems designed by various codesAlthough the element deformation Ui in systems designed by various codes 
is essentially identical, the ductility demand |x, may differ significantly beis  essentially  identical,  the  ductility demand  f.Li  may differ  significantly be
cause the ductility demand of  resisting element varies inversely with itscause  the  ductility  demand  of aa  resisting  element varies  inversely  with  its 

one, which does not happen for most period  (Figs.  and 8). Thus, 
yield deformation; note that inelastic behavior is implied when |x, exceedsyield  deformation;  note  that  inelastic behavior  is  implied when  f.Li  exceeds 
one, which  does  not happen for  most  period valuesvalues  (Figs.  77 and 8).  Thus, 



 

systems designed  by  UBC88,UBC88,  which  possess  the smallest element yield  desystems designed by  which possess the smallest element yield de
formation  (Fig.  2), experience the largest elementelement ductility demands, whereasformation (Fig. 2), experience the largest  ductility demands, whereas 
systems designed by MFDC87MFDC87 with the largest element yield forces undergosystems designed by  with the largest element yield forces undergo 
the  smallest  element ductility  demands;  responses  of systems  designed  bythe smallest element ductility demands; responses of systems designed by 
other codes fall  between  these  two extremes.  The ductility demand on  theother codes fall between these two extremes. The ductility demand on the 
flexibleside element is  essentially the same in  systems designed by MFDC
77,77,  NBCC85NBCC85,,  and  because the element yield deformation is 
flexibleside element is essentially the same in systems designed by MFDC

and  MFDC87MFDC87  because  the  elemen"t  yield  deformation  is 
identical (Fig. 2). Similarly, if the yield force of the stiffside element isidentical  (Fig.  2).  Similarly,  if  the  yield  force  of  the  stiffside  element  is 
not permitted to be below its symmetricplan value, the ductility demandnot  permitted  to  be  below  its  symmetricplan  value,  the  ductility  demand 
on this element is the same in systems designed byon  this  element  is  the  same  in  systems  designed  by  UBC88,UBC88,  MFDC77,MFDC77, 
and  (Fig. 8) because the element yield deformation is identicaland  NBCC85NBCC85  (Fig.  8)  because  the  element yield  deformation  is  identical 
(Fig. 2).(Fig.  2). 

The preceding results demonstrate that although symmetricplan systems 
with lateral yield force givenwith lateral yield force given byby (1)(1) withwith RR ==  11 would  remain elastic during 

The preceding results demonstrate that although symmetricplan systems 
would remain elastic during 

the selected ground motion, similarly designed asymmetricplan systems maythe selected ground motion, similarly designed asymmetricplan systems may 
deform into the inelastic range. Also, because of torsional motions, thedeform  into  the  inelastic  range.  Also,  because  of  torsional  motions,  the 
element deformations may significantly exceed their deformation in theelement  deformations  may  significantly  exceed  their  deformation  in  the 
corresponding symmetric plan system. Thus, the asymmetricplan systemscorresponding  symmetric  plan  system.  Thus,  the  asymmetricplan  systems 
may experience structural damage due to yielding and nonstructural dammay experience structural damage due  to yielding  and nonstructural dam
age resulting from increased deformation.age  resulting from  increased deformation. 

MODIFICATIONS IN  DESIGN  ECCENTRICITYMODIFICATIONS IN DESIGN ECCENTRICITY 

The results of preceding sections indicate that deformations and ductilityThe results of preceding sections indicate that deformations and ductility 
demands on resisting elements in  codedesigned, asymmetricplan systemdemands on resisting elements in aa codedesigned,  asymmetricplan system 
differ from those for the corresponding symmetricplan system. However,differ from  those  for  the corresponding symmetricplan system.  However, 
it would be desirable that the responses of the two systems be similar soit  would  be  desirable  that  the  responses  of  the  two  systems  be  similar  so 
that the earthquake performance of the asymmetricplan system would bethat  the  earthquake performance of the  asymmetricplan system would  be 
similar to, and specifically no worse than, that of the symmetricplan system.similar to, and specifically no worse than, that of the symmetricplan system.
To investigate this issue further, the responses of asymmetricplan systems,To investigate this issue further,  the responses of asymmetricplan systems,
with their element yield forces computed from (4) and (5) with three difwith  their  element yield  forces  computed  from  (4)  and  (5)  with  three  dif
ferent  of 8 = 1,0.5,1, 0.5, and 0, areand 0,  are compared in Fig.compared in Fig. 9. The9.  The first  value,first value,ferent  valuesvalues of 0  = 
8 = = 1, is typical of several codes:  and  8 = =o  1,  is  typical of several  codes:  UBC88,UBC88,  MFDC77,MFDC77,  and  NZC84;NZC84;  0 
0.5 is specified in  and 8 =  implies no reduction in the stiff0.5  is  specified  in  NBCC85;NBCC85;  and  0  =  00  implies  no  reduction  in  the  stiff
side element design force. In all cases, a ==  11 and four different values  ofside  element design  force.  In all  cases,  a  and four different values of 

1, 2, 4, and 8, were considered (1). The ductility demand of the stiffR,R, 1,  2,  4,  and  8,  were  considered  (1).  The  ductility  demand  of the  stiff
side element is the only response quantity presented because other responsesside element is the only response quantity presented because other responses 
are affected very little by 8. It is apparent that the ductility demand u., onare  affected very  little by o.  It is  apparent  that  the ductility demand  fLi  on 
the stiffside element in the asymmetricplan systems designed with 8 = 0the stiffside element  in  the  asymmetricplan systems  designed  with 0  =  0 
is generally below the element ductility demand |x0, if the system plan wereis  generally below the element ductility demand  fLo>  if the system plan were 
symmetric. However, for some period values, precluding reduction of stiffsymmetric.  However, for  some period values, precluding reduction of stiff
side element design force (8 = 0) is not sufficient to keep |x, below |JL0. Toside  element design force  (0  =  0)  is  not sufficient  to  keep  fLi  below  fLo'  To
achieve this objective, perhaps this design force should be increased relativeachieve this objective, perhaps this design force should be increased relative 
to its symmetricplan value, which implies a negative value of 8 in (3); suchto its  symmetricplan value, which  implies a negative value of 0 in  (3);  such 
a suggestion appeared in several earlier works on elastic systems (Pekaua  suggestion  appeared  in  several  earlier  works  on  elastic  systems  (Pekau
and Rutenberg 1987; Rutenberg and Pekau 1987, 1989).and Rutenberg 1987;  Rutenberg and  Pekau 1987,  1989). 

Even if such  reduction in the stiffside element design force is precluded,Even if such aa reduction in the stiffside element design force is precluded, 
earlier inelastic response results for systems designed withearlier inelastic response results for systems designed with RR ==  44 have demhave dem
onstrated that the ductility demand on the flexibleside element may beonstrated  that  the  ductility  demand  on  the  flexibleside  element  may  be 
reduced because of plan asymmetry (Figs. 35). Thus, the ductility capacityreduced because of plan asymmetry (Figs.  35). Thus, the ductility capacity 
of the flexibleside element is underutilized in an asymmetricplan systemof the  flexibleside  element  is  underutilized  in  an  asymmetricplan  system
if it is designed for the ductility demand in  symmetricplan system. Toif  it  is  designed  for  the  ductility  demand  in  aa  symmetricplan  system.  To 
better utilize the element ductility capacity, the design eccentricity ed in (3a)better utilize the element ductility capacity, the design eccentricity ed in (3a) 
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to reduce the strength of this element.should be modified by  decreasingshould be modified by decreasing aa  to reduce the strength of this element. 
On the other hand, for systems with RR  =  1, i. e. ,, systems designed to remainOn the other hand, for systems with  = 1, i.e.  systems designed to remain 
elastic if their plan is symmetric and no accidental eccentricity is considered,elastic if their plan is symmetric and no accidental eccentricity is considered, 
the ductility demand on the flexibleside element in an asymmetricplanthe  ductility  demand  on  the  flexibleside  element  in  an  asymmetricplan 
system may exceed one indicating yielding of the element because of torsystem  may exceed one  indicating yielding of the  element because of tor-
sional motions (Figs. 68). Thus, the strength of this element should besional  motions  (Figs.  68).  Thus,  the  strength  of  this  element  should  be 
increased by increasing  in (3a) to compute the design eccentricity ed.increased by  increasing aa  in  (3a)  to  compute the design  eccentricity ed' 

To further  investigate  these  concepts,  the  responses of asymmetricplanTo further investigate these concepts, the responses of asymmetricplan 
systems  with  their  element  yield  forces  computed  from  (4)  and  (5)  with 
three  different valuethree different value ofof aa  are compared in Fig. 10. In addition to =  1, 
systems with their element yield forces computed from (4) and (5) with 

are  compared  in  Fig.  10.  In  addition  to  aa  = 1, 
two larger  are considered for systems designed with  = 11 oror 2, two2,  twotwo larger valuesvalues are considered for systems designed with RR = 

smaller  are considered when  = 8,  and one  smaller  and  another8, and one smaller and anothersmaller valuesvalues  are  considered  when  RR  = 

larger value are selected when  = 4. The ductility demand of the flexiblelarger value are selected when RR =  4.  The ductility demand of the flexible-
side element is the only response quantity presented because other responseside element is the only response quantity presented because other response 
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quantities are affected very little by a. These results demonstrate that inquantities  are  affected  very  little  by  0'.  These  results  demonstrate  that  in 
order to keep the ductility demand on the flexibleside element in theorder  to  keep  the  ductility  demand  on  the  flexibleside  element  in  the 
asymmetricplan system below its symmetricplan value, a0'  should be seshould  be  seasymmetricplan  system  below  its  symmetricplan  value, 
lected as follows: a  if  8; a  1.5 if  and 4; and a  iflected  as  follows:  0'  ==  11 if RR ==  8;  0'  ==  1.5  if RR ==  22 and 4;  and  0'  ==  22 if 
RR  ==  1.1. However, the optimal avalues may differ with the ground motion.However,  the optimal avalues may differ with the ground motion. 
Thus, response results should be generated for several ground motions toThus,  response  results  should  be generated for  several  ground  motions  to 
determine for code use the coefficient a, which should depend on the designdetermine for code use the coefficient 0', which should depend on the design
value of the reduction factorvalue of the  reduction factor  R.R. 

Even if the asymmetricplan system can be designed for significant yieldEven if the asymmetricplan system can be designed for significant yield
ing in such  way that the ductility demand on the flexibleside elementing  in  such  aa  way  that  the  ductility  demand  on  the  flexibleside  element 
does not exceed the symmetricplan value, the element deformation maydoes  not  exceed  the  symmetricplan  value,  the  element  deformation  may
still be larger because of plan asymmetry. It may not be possible to reducestill be larger because of plan asymmetry.  It may not be possible  to  reduce 
this deformation by increasing the strength of the system because, as shownthis deformation by increasing the strength of the system because, as shown 
by the responses of SDF systems (Veletsos and Vann 1971), the deformaby  the  responses of SDF systems  (Veletsos  and  Vann 1971),  the deforma



 

tion  of aa  mediumperiod,  velocitysensitive  system  is  not  strongly  affectedtion of  mediumperiod, velocitysensitive system is not strongly affected 
by  its  strength  and  it  is  for  such  systems  that  the  additional  deformationby its strength and it is for such systems that the additional deformation 
due  to  plan  asymmetry  is  most  significant  (Figs.  35). Because  increasingdue to plan asymmetry is most significant (Figs. 35). Because increasing 
the strength of aa system beyond that required for  it to remain elastic wouldthe strength of  system beyond that required for it to remain elastic would 
not  influence  its  response  if  it  is  within  the  elastic  range,  the  additionalnot influence its response if it is within the elastic range, the additional 
deformations of elastic systems  resulting from  plan  asymmetry also  cannotdeformations of elastic systems resulting from plan asymmetry also cannot 
be  reduced.  Thus,  these  larger deformations should be  provided for  in  thebe reduced. Thus, these larger deformations should be provided for in the 
design of asymmetricplan structures.design  of asymmetricplan  structures. 

DUAL DESIGN PHILOSOPHYDUAL DESIGN PHILOSOPHY 

It is widely accepted that most buildings should be designed to:  (1) SafelyIt is widely accepted that most buildings should be designed to: (1) Safely 
dissipate  vibrational  energy  through  inelastic action  during  intense grounddissipate vibrational energy through inelastic action during intense ground 
shaking;  and  (2)  remain  structurally  undamaged  during  moderate  groundshaking; and (2) remain structurally undamaged during moderate ground 
shaking. The first design requirement leads to the yield forces for which theshaking. The first design requirement leads to the yield forces for which the 
structural elements should be designed to ensure that their ductility capacitystructural elements should be designed to ensure that their ductility capacity 
is not exceeded during intense ground shaking. The second design requireis  not exceeded during intense ground shaking.  The second design  require
ment defines the strength required for the structural elements to remainment  defines  the  strength  required  for  the  structural  elements  to  remain 
elastic during moderate ground motion. Obviously, the larger of the twoelastic  during  moderate  ground  motion.  Obviously,  the  larger  of the  two 
forces for each element is the critical design force.forces  for  each element is  the  critical design  force. 

The element design force in an asymmetricplan system depends on theThe  element design  force  in  an  asymmetricplan  system  depends  on  the 
base shear  and the design eccentricity ed (3). The base shear depends onbase shear  VV and the design eccentricity ed (3).  The base shear depends on 
the elastic spectrum and the selected reduction factor  (1). As indicatedthe  elastic  spectrum  and  the  selected  reduction  factor RR  (1).  As  indicated 
by the preceding section, the design eccentricity should be defined differby  the  preceding section,  the design  eccentricity  should  be defined  differ
ently for elastic and inelastic systems; in particular, the coefficient a andently  for  elastic  and  inelastic  systems;  in  particular,  the  coefficient  Ct  and 
thus d should increase as the reduction factor  decreases. Thus, twothus eed  should increase as the reduction factor RR decreases. Thus, two valuesvalues 
of the design force corresponding to the two levels of shaking should beof the  design  force  corresponding  to  the  two  levels  of shaking  should  be 
computed for each resisting element from (4) and (5) using the appropriatecomputed for each resisting element from  (4)  and (5)  using  the appropriate
values of R and a, and the critical design force should be taken as the largervalues of Rand Ct,  and the critical design force should be taken as the larger 
of the two forces.of the  two  forces. 

CONCLUSIONSCONCLUSIONS 

This investigation of the effects of plan asymmetry on the earthquakeThis  investigation  of  the  effects  of  plan  asymmetry  on  the  earthquake 
response of onestory systems designed by various codes, and how well theseresponse of onestory systems designed by various codes, and how well these 
effects are represented by the torsional provisions in building codes, haseffects  are  represented  by  the  torsional  provisions  in  building  codes,  has 
led to the following conclusions.led  to  the following  conclusions. 

The inelastic response of codedesigned asymmetricplan systems genThe  inelastic  response  of  codedesigned  asymmetricplan  systems  gen
erally differs from that of the corresponding symmetricplan systems. Planerally differs  from  that of  the  corresponding symmetricplan  systems.  Plan 
asymmetry tends to increase the deformation of the flexibleside element andasymmetry tends to increase the deformation of the flexibleside element and 
reduce the deformation of the stiffside element in mediumperiod, velocityreduce the deformation of the stiffside element in mediumperiod, velocity
sensitive systems; however, the element deformations are affected little forsensitive systems; however,  the element deformations are affected little for 
shortperiod, accelerationsensitive systems and longperiod, displacementshortperiod, accelerationsensitive systems and longperiod,  displacement
sensitive systems.sensitive systems. 

stiffside resisting element with design force smaller than its symmetricAA stiffside resisting element with design force smaller than its symmetric
plan value, which is permitted by some codes, experiences increased ductilityplan value, which is permitted by some codes, experiences increased ductility 
demand because of plan asymmetry. However, if the force reduction isdemand  because  of  plan  asymmetry.  However,  if  the  force  reduction  is 
precluded, as in some codes, the ductility demand on this element is roughlyprecluded, as in some codes, the ductility demand on this element is roughly
unaffected by plan asymmetry. The ductility demand on theunaffected  by  plan  asymmetry.  The  ductility  demand  on  the  flexiblesideflexibleside 
element in an asymmetricplan system is significantly smaller than in theelement  in  an  asymmetricplan  system  is  significantly  smaller  than  in  the 
symmetric plan system, with exceptions at few periods, regardless of whethersymmetric plan system, with exceptions at few periods, regardless of whether 
or not the design force reduction for the stiffside element is permitted.or not  the design  force  reduction for  the stiffside element is  permitted. 

Although symmetricplan systems designed with 7?  11 are  expected  toare expected toAlthough  symmetricplan  systems  designed with  R  == 



 

remain elastic during the design ground motion, similarly designed asymremain  elastic  during  the  design  ground  motion,  similarly  designed  asym
metricplan systems may deform into the inelastic range. Also, because ofmetricplan  systems  may  deform  into  the  inelastic  range.  Also,  because of 
torsional motions, the element deformation may significantly exceed the detorsional motions, the element deformation may significantly exceed the de
formation of the corresponding symmetricplan system. Thus, asymmetricformation  of the corresponding symmetricplan  system.  Thus,  asymmetric
plan systems designed withplan  systems  designed  with  RR  = = 11 may  experience  structural  damage  duemay experience structural damage due 
to yielding and nonstructural damage resulting from increased deformations.to yielding and nonstructural damage resulting from increased deformations. 

Building code provisions do not ensure that the deformation and ductilityBuilding code provisions do not ensure that the deformation and ductility 
demands on an asymmetricplan system are similar to those on  similarlydemands on an  asymmetricplan  system  are  similar  to  those on aa  similarly 
designed symmetricplan system. This suggests that the design eccentricitydesigned  symmetricplan  system.  This  suggests  that  the  design  eccentricity 
should be modified. This goal can usually be achieved for stiffside elementsshould be modified. This goal can usually be achieved for stiffside elements 
by precluding any reduction in their design forces below their symmetricby  precluding  any  reduction  in  their  design  forces  below  their  symmetric
plan values;  = 00  in  the  design  eccentricityin the design eccentricity ed'ed, is equivalent to this reis  equivalent  to  this  replan  values;  88  = 

quirement. However, for some periods values, this requirement is not sufquirement.  However, for  some periods values,  this  requirement  is  not suf
ficient and the design force for this element should be increased relative toficient  and the design force  for  this element should be increased relative  to 
its symmetricplan value, which implies  negative value of 8.its  symmetricplan value,  which  implies  aa  negative value of 8. 

Similarly, the ductility demand on the flexibleside element can be keptSimilarly,  the  ductility demand on  the  flexibleside  element can be  kept 
below and close to its symmetricplan value by modifying the coefficient abelow and close  to  its symmetricplan value by  modifying the coefficient  ex 
in the design eccentricityin  the design  eccentricity eedd..  The optimal value of a in (3) depends on theThe optimal value of ex  in  (3)  depends on the 
design value of the reduction factor and  may  differ  with  the  groundand may differdesign  value  of  the  reduction  factor  RR  with the ground 
motion. Thus, response results should be generated for several ground momotion. Thus, response results should be generated for several ground mo
tions to determine the coefficient a appropriate  for  use  in  building  codes.tions  to  determine  the  coefficient  ex  appropriate for use in building codes. 
However, it does not appear possible to reduce the additional elementHowever,  it  does  not  appear  possible  to  reduce  the  additional  element 
deformations due to plan asymmetry by modifying the design eccentricity;deformations  due  to plan asymmetry  by  modifying the design  eccentricity;
these large deformations should be provided for in building design.these  large  deformations should be provided for  in  building design. 

It is widely accepted that most buildings should be designed to: (1) SafelyIt is widely accepted that most buildings should be designed to:  (1) Safely 
dissipate vibrational energy though inelastic action during intense grounddissipate  vibrational  energy  though  inelastic  action  during  intense  ground 
shaking; and (2) remain structurally undamaged during moderate groundshaking;  and  (2)  remain  structurally  undamaged  during  moderate  ground 
shaking. Explicit implementation of this dual design philosophy is especiallyshaking. Explicit implementation of this dual design philosophy is especially 
important for asymmetricplan buildings because the design eccentricityimportant  for  asymmetricplan  buildings  because  the  design  eccentricity 
should be defined differently for elastic and inelastic systems, and shouldshould  be  defined  differently  for  elastic  and  inelastic systems,  and  should 
vary with the reduction factor  in the latter case. Thus, two  of thevary with  the  reduction  factor RR  in  the latter case.  Thus,  two  valuesvalues of the 
design force, corresponding to two levels of shaking, should be computeddesign  force,  corresponding  to  two  levels  of shaking,  should  be computed
for each resisting element, using appropriate  of  and ed, and thefor  each  resisting  element,  using  appropriate  valuesvalues  of RR  and  ed' and  the 
critical design force should be taken as the larger of the two forces.critical  design  force  should be taken as  the larger of the  two  forces. 

For reasons of brevity, response results presented were restricted toFor  reasons  of brevity,  response  results  presented  were  restricted  to  aa 
single ground motion; however,  parallel set of results is available forsingle  ground  motion;  however,  aa  parallel  set  of  results  is  available  for 
another excitation in Goel and Chopra (1990), which also shows that theanother  excitation  in  Goel  and  Chopra  (1990),  which  also  shows  that  the 
response trends are generally similar in the corresponding spectral regionsresponse  trends are  generally similar  in  the  corresponding spectral  regions 
of the two excitations. Thus, the conclusions derived from  single groundof the  two  excitations.  Thus,  the  conclusions derived from  aa single ground 
motion in this paper are likely to carry over to the corresponding spectralmotion  in  this  paper are  likely  to  carryover to  the  corresponding spectral 
regions of other ground motions as well.regions of other ground motions  as  well. 

ACKNOWLEDGMENTSACKNOWLEDGMENTS 

This  research  investigation  is  supported  by  the  National  Science  FounThis research investigation is supported by the National Science Foun
dation under grant BCS8921932.BCS8921932.  The writers are grateful for  this  support.dation under grant  The writers are grateful for this support. 

REFERENCESAPPENDIX.ApPENDIX.  REFERENCES 

Chandler,  A.  M.,  and  Hutchinson,  G.  L.  (1987).  "Evaluation  of  code  torsionalChandler, A. M., and Hutchinson, G. L. (1987). "Evaluation of code torsional 
provisions  by  aa  time  historyhistory  approach."  EarthquakeEarthquake  Engrg.Engrg.  Struct.Struct.  Dyn.,Dyn.,  15  (4),provisions by  time  approach."  15 (4), 
491516.491516. 

Esteva,  L.  (1987).  "Earthquake engineering  research  and  practice  in  Mexico  afterEsteva, L. (1987). "Earthquake engineering research and practice in Mexico after 



 

thethe 1985 earthquakes."19l:i5  earthquakes."  Bull.Bull.  NewNew  ZealandZealand  Nat.Nat.  Soc.Soc.  20(3),EarthquakeEarthquake  Engrg.,Engrg.,  20(3), 
159200.159200. 

Goel, R.  KK  and Chopra, A. KK  (1990).  "Inelastic earthquake response of onestory,Goel, R. . and Chopra, A. . (1990). "Inelastic earthquake response of onestory, 
asymmetricplan systems.  ReportReport No.No.  UCBIEERC90114,UCBIEERC90114, Earthquake Engineeringasymmetricplan systems.  Earthquake Engineering 
Research  Center,  University of California,California,  Berkeley,  Calif.Research Center, University of  Berkeley, Calif. 

Gomez, R., and GarciaRanz, F.  (1988).  "The Mexico earthquake of September 19,Gomez, R., and GarciaRanz, F. (1988). "The Mexico earthquake of September 19, 
1985Complementary technical  norms  for  earthquake  resistant  design." EarthEarth1985—Complementary technical norms for earthquake resistant design."
quakequake  Spectra,Spectra,  4(3),  441460. 

Humar,Humar, J.J.  L.L. (1984).  "Design  for  seismic  torsional  forces."(1984). "Design for seismic torsional forces." Can.Can.  J.J. Civ.Civ.  Engrg.,Engrg., 
11(2), 150163. 

4(3), 441460. 

11(2),  150163. 
International  Association  for  Earthquake  Engineering,  EarthquakeEarthquake  resistantresistant regureguInternational Association for Earthquake Engineering,

 (1988). Tokyo, Japan.lations.lations.  AA  worldworld  list,list,  (1988).  Tokyo, Japan. 
Irvine, H. M., and Kountouris, G. E. (1980). "Peak ductility demands in simpleIrvine,  H.  M.,  and  Kountouris,  G.  E.  (1980).  "Peak ductility  demands  in  simple 

torsionally  unbalanced  building  models  subjected  to  earthquake  ground  excitatorsionally unbalanced building models subjected to earthquake ground excita
tion."  Proc.Proc.  SeventhSeventh  WorldWorld  Conf.Conf.  EarthquakeEarthquake Engrg.,Engrg.,  Istanbul,  Turkey,  4,  117tion."  Istanbul, Turkey, 4, 117— 
120.120. 

Kan, C. L., and Chopra, A.  K.  (1981).  "Torsional coupling and earthquake responseKan, C. L., and Chopra, A. K. (1981). "Torsional coupling and earthquake response 
of simple elastic and inelastic systems." J.  Struct.Struct.  Div.,Div., ASCE, 107(8), 15691588.of simple elastic and inelastic systems."/.  ASCE, 107(8), 15691588. 

Pekau, O.  A., and Rutenberg, A.  (1987).  "Evaluation of the torsional provisions in�Pekau, O. A., and Rutenberg, A. (1987). "Evaluation of the torsional provisions in  
the 1985 NBCC."  Ottawa, Canada,the 1985 NBCC." Proc.Proc.  FifthFifth  CanadianCanadian  Conf.Conf.  EarthquakeEarthquake  Engrg.,Engrg., Ottawa, Canada, 
739746.739-746. 

Poole, R. A. (1977). "Analysis for torsion employing provisions ofPoole, R. A. (1977). "Analysis for torsion employing provisions of NZRSNZRS4203:1974."4203:1974." 
Bull.Bull.  NewNew  ZealandZealand Nat.Nat.  Soc.Soc.  EarthquakeEarthquake  Engrg.,Engrg.,  10(4), 219-,225.10(4), 219225. 

Rutenberg, A., and Pekau, O. A. (1983). "Earthquake response of asymmetricRutenberg, A., and Pekau, O, A. (1983). "Earthquake response of asymmetric 
buildings:  parametric study."buildings: AA parametric study." Proc.Proc.  FourthFourth  CanadianCanadian  Conf.Conf.  EarthquakeEarthquake  Engrg.,Engrg., 
Vancouver, Canada, 271281.Vancouver, Canada, 271-281. 

Rutenberg, A., and Pekau, O. A. (1987). "Seismic code provisions for asymmetricRutenberg, A., and Pekau, O. A. (1987). "Seismic code provisions for asymmetric 
structures:  reevaluation."  9(4), 255264.structures: AA reevaluation." Engrg.Engrg.  Struct.,Struct.,  9(4), 255-264. 

Rutenberg, A., and Pekau, O. A. (1989). "Seismic code provisions for asymmetricRutenberg, A., and Pekau, O. A. (1989). "Seismic code provisions for asymmetric 
structures: Low period systems."  11(2) 9296.structures: Low period systems." Engrg.Engrg.  Struct.,Struct.,  11(2) 92-96. 

Rutenberg, A., Shohet G., and Eisenberger, M. (1989). "Inelastic seismic responseRutenberg, A., Shohet G., and Eisenberger, M. (1989). "Inelastic seismic response 
of code designed asymmetric structures."  Technion, Israel Instituteof code designed asymmetric structures." Fac.Fac.  Pub.Pub. 303,303, Technion, Israel Institute 
of Technology, Haifa, Israel.of Technology, Haifa, Israel. 

"Tentative provisions for the development of seismic regulations for buildings.""Tentative provisions for the development of seismic regulations for buildings." 
(1978).  Applied Technological Council, Palo Alto, Calif.(1978).  ATC306,ATC306,  Applied Technological Council, Palo Alto, Calif. 

Tso, W. K., and Hongshan, Y. (1990). "Additional seismic inelastic deformationTso, W. K, and Hongshan, Y. (1990). "Additional seismic inelastic deformation 
caused by structural asymmetry." /.  19(2), 243caused by structural asymmetry." J. EarthquakeEarthquake Engrg.Engrg.  Struct.Struct.  Dyn.,Dyn., 19(2), 243
258.258. 

Tso, W. K., and Meng, V. (1982). "Torsional provisions in building codes."Tso, W. K, and Meng, V. (1982). "Torsional provisions in building codes." Can.Can. 
9(1), 3846.J.J. Civ.Civ.  Engrg.,Engrg.,  9(1), 38-46. 

Veletsos, A. S., and Vann, W. P. (1971). "Response of groundexcited elastoplasticVeletsos, A. S., and Vann, W. P. (1971). "Response of ground-excited elastoplastic 
systems."/.  ASCE, 97(4), 12571281.systems." J. Struct.Struct.  Div.,Div.,  ASCE, 97(4), 1257-1281. 


	GoelR_EvaluationTorsionalProvisions_pp-1
	GoelR_EvaluationTorsionalProvisions_pp

