Se1smic response of symmetric structures havinge

unbalanced yield strengths in plan

vichel Bruneau' and Stephen A Mahin"

ABSTRACT

Qymmetric structures, with coincident centers of mass and stiffnesses in plan, can be
sted torsionally in the inelastic domain due to unbalanced distribution of their yield
k. Under some circumstances, this can produce a magnification of the otherwise
-d ductility demand of the lateral load resisting structural element having the lesser
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INTRODUCTION

Current seismic retrofitting strategies emphasize the need to eliminate the eccentncities
‘n plan of existing structures by adding new lateral load resisting structural v\vfml‘m‘:;
-:LIJLRSES)‘ and by calibrating the stitfnesses of the new elements such as to minimize rthcsc
' While the resulting retrofitted structures become symmetric in the elastic

accentricities. ¢ ¢ .
han the existing ones.

e new structural elements used are often of a difterent type | .
ar vield strengths between the vanous 1 1. RSEs. and a transient Sll’fil‘.
' e structure will be excited

sense,
This results in dissimil
~f torsional response is consequently expected to develop when th A
astic range. It is noteworthy that such dissimilarities can also hir,- prt?srnl In many
i yly as a consequence of other engineenng ot
| d above can be equally

in the ine
types of new or existing structures, Simj *
rchitectural decisions; thus the particular structural behavior describe

sttributable to various other causes.

ave investigated the effect of torsional instability ot sym‘mctm
: 1081, Pekau and Syamal 1984] and
al modes in otherwise

arch has focused

While other researchers h ’
systems [Tso and Asmis 1971, 1so 1975, Arltr_')rrcfil{ ct.al.' | .
the effect of seismic wave motions characteristics 1n €xciling torsqmn
Sy mark 1969, Awad and Humar 1 084], little rese

'mmetric structures [New
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ble dissimilarities in yield
> (] h:;'ﬁmm are from research ONdue

)85 (o 1987 [Bruneau and Mahin 1987, " &
h has been published by Pekay ..
. complementary as th::jg.:_n:i.{__.lm_n;.:,.a; the same
f inelastic S€1SMIC response o
a renewed and considerable e

o {
w_ from :

esent study was limited to the
-displacement relammﬂhtg} havin,

-

oad subject, the pr

ot ical force
s of identiCa ' s ‘
o arametric study of difterent simple

o two LLRSESs are presented follo
£ L% 11 ‘I.Ar_,?_! 0y

- s br

[n a first approach t-::j t;jLRS

consideration of ideahiz€ s e

dissimilar yield strengths. - sl e
monosymmetric initially symmetrnt <

HOUATIONS OF MOTION AROUND THE CENTER OF MASS

ions of motion around the center of mass for single-story tors;.

y ¢ i ' /
The general equa and have been derived by others, [Awad and Humar

structures are well known

oupled , : : ..
;995 among many| From these equations arc obtained the followmg parameters genera)|
[ 04, A i & _ = _ >-11€rally,
describing torsionally coupled structures, which are also adopted for this study. *
Q = W/, = [, / T9 “]
w, = K /m ' -
., 2]

wg - KH /mr:'}
3]

Ay and K, are the structure’s translational (along X) and rotational (around 0)
stittnesses. The mass of the floor is m, and its radi '

ranslational and torsional uncoupled fr | '
. eque |
periods, and Q ' p e requencies, 1, and T, the corresponding uncoupleg

‘€ reader not familiar with those
'For linear elastic pertectly symmetric
t.ran_slatlonal response is possible. This

L In the j - . Ny ‘ _
fenuaal force displa '“e:asnc ran oy the significance of the torsional
relationsh;i o C Structures ¢ st of SE’s of
nt ductilit ; sUIS; In particular, the
Y demand of the Initially symmetric
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interest 1n this study. [he strong and weak elements are obviously defined as
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+ures constitute equivaieni SDOF SYSIEMS W hose inelastic i TSpPONSse ?Hw\u,tu a basis tor

SiTULIUIN

N TE1ET. ! .
~omparing element ductility demands
0

The study was pa:ﬁ*rfor ned for ten values of uncoupled period T, (0.1, 0.2, 0.3, 0.4, 0.6,
18 1.0. 1.2, 1.6, and 2.0 seconds), six values of the ratio of uncoupled tT;qm ncies §2 (0.4,

1R 1.0. 1.2. 1.6, and 2.0), two SDOF *;arﬂf-'t ducnhtr levels 1, (4 and 8), and four element
vield combinations ("0.8 and 1.0 Ry", "1.0 and 1.2 Ry", "1.0 and 1.5 Ry",

0 and 2.0 Ry"). The equivalent SDOFs usmi for comparison were all selected to yield at

The four chosen vield level differences bracket many possible situations. Ultimately,
1 creasing therdif"{"erence between the strong and weak elements could lead to
permanent elastic response of the strong element with no further changes in element
éswm& Note that although the difference in yield leve »|s are herein as\umed to result trom
ne difficulty, or impossibility, in achieving similar stiffnesses and yield levels in difterent
LLRSE% this difference also implicitly considers the difficulty in accurately predicting the
yield strength of some LYpes of structural systems. Further. the intent 1S tO asSess the |
significance of over or under-estimating the yield strength of one element, and consequently,

systems of different ultimate translational c;ln;*m,thvr. will be compared 1n this process.

The following methodology was adopted for the parametric study.

d to have a period equal to the unumplt‘d

l. Equivalent SDOF systems were selecte ‘
i TIL HI‘ULIUFL_ L“( d ht tOlt:‘

transiational period Ty, the only period of initially symmet
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factors NECES 2 rthqu |
i for each €4 1 from which the required strength fae
‘ o constructet actors are defined
nse #PLLH'I] wel Li[M]-] Nurmaliﬂ'tl Slrt‘”,irf-m factors arc delined a
. : ! ok N '}{ . ; ! "
inelastic resi were reac

¢ SDOF period,
stion Ol SDA 2
func = Wy Dy / Gpgax

Ky Ay / m Gyax - 4]

articular earthquake record, R

II'I.: i [

1’ - [‘)} ;; J7 Qaga X

Iy ' { .'f ::"l p
acceleration ¢ _ vt OTYAD -
peak ground ;IL . the mass Of the equivalent SDOF system

- - ' m Ii. : AT
SDOF, anc

TRE defined as the maximu

where @yx 15 ”71‘3
vield strength ol the

ductility demand
displacement.

as necessary, for fixed vj _
v condition. These
ariations 10 g

it ensures that any periodadependency observed in the caleyla,
e L ;._?1_\,;:[.?

(see item 4 following) is only attributable to the Inelast;,
and not to the seismic input spectral characteristjcs

m displacement, in absolute ..

For simplicity in this study, peak ground ag Celerat;,

. ~nf eleme ydel properties. to <atiof
alues of element model properties, to satisfy ..
steps Were taken to ensure that the SDOFE

round motion intensity. While this dep:

¥ |1_'_|.
_..l'l :I
[ (S

study,
divided by the yield
were scaled
imposed target ductilit |
structures were insensitive L0V
from a design approach, .
ductility amplification ratios

torsional coupling phenomend,

3. For the earthquake excitation levels calculated in the previous step, the same Structyre.
were reanalysed considering the unequal element yield strengths. The maximum 'f*w.ﬂ .J
element displacements were then calculated, as well as the corresponding element
ductility demands. It is noteworthy that, as yield displacement is proportional to Ty
strength, equal maximum displacements will result in larger ductility for the wegy,

element. Ductility demand of LLRSEs were selected as the response value of interac, -
this study. s
4. The ductility demands calculated for each individual initially symmetric c

above were then divided by the ductility demands obtained from t

equivalent inelastic SDOF system, to | '
e , to obtain a ratio o ;
Amphﬁcatlon RatiOSrr f the dUC

dS€ analyzed
heir respective
tilities [indicated "
| - ated "Ductilit
O ’ . . ™ LH;ELL
n all figures herein]. This amplification ratio provides a '

Centro 1940 N-S, Olympia 10:191\1-5.

, and
-one-standard-devigt. Taft 1952 N21E) were considered. and

n, of
feSponse values were calculated




RESULTS OF THE PAR A
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tll“l_“[”}f ;II';-H}]Hia.';!t!r;;n ratios of the weak 11

a8 . s AT Y :
dm.“hw of 4, tor the hive earthquake
. ' B o S : ' TV, '
_sed target ductility ot 8, are pr .
selected targ y of 8, are presented elsewhere /By 1 1
- FTrnedu anad _-\..f-',r’;: n JUN/

. cidering the nature of ductili
(('}I]‘Wl{lt—r [‘E € i} i t [_!iix iiait'-.r" E]"E{:rra‘lr',rx ' TY &

' o - 111 ' | | eartl ) y K
. 8 » Y . * 7 vrarlsreds . L Hitatil=
accuracy t,\[H.L[{_tl in ductility prediction of this kind. it miol It gineeri  the
, . _ - < Y 3 ~ | | i ' i '!L l!' -:"'-’I i ( 1 3 ? |'q_ T, : § ‘ :IJ "
F 1y 3 I ;' l I ! )..11 { \’ ' : ‘E:’t Il:_} f O C ) .1. ] - *'_". A1 i l vel 10 L 11 | t | i 1:' ]
:il]1l]lltii {I[}{ I] )HJ | £ l 3‘? 1? . T }rt {}{jf ‘Fj[rlqﬁT* _”:._.1'_”1#.‘ - 2 \
p Yy are cor - SlBiniCalit, 11 £
atios from 1.25 to 1.5 are considered of moderat: j | nE . At
r{I_ . . . 1 1% IR f-]rr:i :I_E“‘t lri_iiif?zﬁ# ..i Nee p— . .
PUTtanice, 4l ratios apove E ) O

imlgt:d tO
abserved.
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¥Ing ths arbitrary convention, the following can be

The weak element ductility amplification ratios for the case "0.8 & 1.0 R |
_ OIS DRy P \rbiason ) - Or the case 0.8 & 1.0 Ry are always al
least Of moderate I“l'ﬂ[}{}rlflﬂ(t.ﬁ and often of major importance. This amplification 1S most
severe for Cases with small periods or large 2 values (and most significantly a

; . ation of both), with ductility amplification rati . : .
combinat ) uctility amplification ratios ranging from 2 to 4 for the mean

response [Fig
i ? - : N ) & "
(ranslational strength of the "0.8 Ry and Ry" structures are less than that of their

reference SYSIEMS; nevertheless, the rather large magnification of weak element ductilities

,.,.,]. Amplifications were somewhat expected since the ultimate

obtained remain impressive.

When the yield level of one element is superior to that of the reference SDOF, the weak

slement ductility amplification ratios are mostly ron-affected until € becomes larger than
1 6 for the mean response. In that case, the response is also seen 0 slightly increase
along with the yield stresses differentials. The increase in weak element ductility
amplification ratios, despite the increased ultimate iranslational strength of the structures,
s surprising. It implies that the added torsional behavior induced by the increase In yield
level differential more than overcomes the benefit one might associate with the increase
in strength (or balances 1t in the best case). Increases of 100% are seen for large £2 and

large yield level differences, and much larger ductility amplification ratios, often up 10
7 5. were observed for single earthquake excitation results. Thus, there 1S 0O guarantee

that an unbalanced increased strength in a symmetric structure decreases dgctlllty.l(llt
should be noted that at some point, further increase in yield level differential wou

produce no additional change in responsc for either elements, as the strong element

would reach permanently elastic behavior.
e ; ¢ in the "0.8
The strong element ductility amplification ratios arc all less than 1.0, excep s

structures ultimate translational strengths ma

1 r : : - :
& 1.0 Ry" case where the lowe oment. Ductility 2 mplification ratios

' ' lons ossible in the stronger € |
inelastic deformations also p . e canl Joe ds (T = 0.2) and low §2

of moderate importance can D . du
values (2 < 0 81:; [Fig. 3]. It1 the decrease in Strong .elerr;elzll_en puig
amplification ;'ati()'i occurring wi n the ultimate translational Streng

< noteworthy that
th the increasc i
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yield " ”“L[ rde f {IIHPI"]H ﬂ_l (100, it dO€ 5 han thal of its corresponding SNe -
yr1j iUt | { gl Ry . 12€2S (1) - | Doy
1,1'{’]‘1 ﬂ]i!’-. < frl:! ' : 1S I
fum pelow 1.0 T ”TL [t ductility demant
dtit - tha
X 111 R!m["
elastic y
A dependent of taroet
< gume 1108 arc L',t'-nt;_r.i”} Inacy ' Mal L
' & ation [ALIUS €1 F £ : fahin 10~
lity Impmlcﬂtmﬂ [ ] ]“-\.Uht‘f"-t /[_frrm(_fm ana Mann J987;
'rh‘»tr\td ductiity . s i pre sented C
b o ypstration of this k
levels DemOn: Tuence On the {llit‘i?ii‘."a

, significant Ini
‘Htructurc& C
lification ratios are g‘fnﬂp.,lly larger for stry
ted as t’:quivalent &».D(_)l* Hj;.“w*l't‘l‘“ikljf‘a have been
g set at Ry. The case 0.8 and 1 0 Ry"

.« sauivalent SDOF system, the natiir.
ller ultimate translational strength than its equIvait s o HM'!_‘l: latu)
smj er u f Q;']Ort period structures to have larger rt,Sp{m,,S : t sxibile ot
ndency of SAC , . : . : ates. resurfaces.
ttjpicﬂ ;f earthquakes for the West Coast of the United Stal C

een to have T

B0 xcept for the "0.8 and 1 o
mmetric

s The structural period IS § it
amplification ratios o1 !ﬂl:i!f ',m;;,
where weak element ductility amj

: Yo 2 'his 1S eXpec
small periods [Fig. 2]. .T.h,i :'m[  eldin
calibrated to targel ductilities Wil

the element yielding at Ry (i.e. the strone
k one in the other cases) will always have 1.

ea Y

6. For the methodology followed herein,
the case "0.8 Ry and Ry," and the wea | _
same inelastic r;?Sp{)ﬂSt: as the SDOF system yielding at R"' when £2 = 1.0, and there,
the element ductility amplification ratios will always be 1.0 in that particular cage :
rather interesting phenomenon can be accurately predicted by theory, and is “""T'iiﬂ.f*%'

great detail elsewhere /Bruneau and Mahin 1987].

7. As seen tfrom Figs. 2 and 3, weak element ductility amplification ratios tend tO Incre
with larger 2, while strong element ductility amplification ratios tend to decre-
accordingly. This can be explained by the i{‘rw e B

by structures with larger €2 values, asfex

Mahin, 1987). Obviously, this

with Q would not be observed
earthquake excitat;

€r resistance to angular motion pr
| plained in more details elsewhere [Bruneay
HIcTease in weak element ductility .

18,
L

amplitication ratios

: )

Y amplification ratios
are of “ﬁ‘g“gihlc magnitudes,

f On previoys Obse udes in element vield strengths
OfMulated- F I'vations th ' ‘
. 1 » the
Stugy, assumin(g)rt;’]tmc*tural Systems Whic}fonﬂwmg design reCommendat; t
ducti]jt € yield sty Can be ideg) | On can b
Y demang STength of th 1zed with -
$ils Of the ¢ LLRSF In the restrictions of |
uct we IS Are Adia:s . chions ot this
Hity demang of SDS?}EI’ element 1S expeczg ire dlSSlmllHr and can he B *l 5
) . > 4 » CS3LNaicd, ic

Of simi)qy yield g e “Xceed by

e S 4PProximately 50% the

C€r than 1.2, 1The designer



Fa : - 1 ¢ | - ¥

~arti1ng O limit the ductility de " of N S '

gxpectitic ™ - ility demand on structural members in those cases should reduce
]- 5 il 7 ‘I_‘ - . 5 F - ; % "..'I-.- - [ s e - - " :

1S targel QucCtiiity demand bv 309 (1/1.5 = 0.67)

CONCLUSIONS

For the simple initially symmetric structures studied haviag unbalanced yield strengths
in ;ﬂzm_ a lr:um:r:mt mmmml rv.w.;'uqnm: 1S created by the desynchronizing In iﬁﬂlastic e.iaf:mﬂm
espONSe; dm;-‘n.t:: rm‘ existence _m symmetry in the elastic domain. Resulting element
Juctility amplification ratios will remain low provided the ratio of unc:.mplca frequencies §2
s not excessively large (preferably 1.2 and lower) and the yield strength of the weaker
element :n the initially symmetric structure is not less than the yield strength of the

tqmv:ﬂt‘ﬂf SDOF. This conclusion is seen to remain valid for all translational periods and
evel of seismic excitation.
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