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ABSTRACT

This report idinvestigates +the inelastic behavior of
structural system= having plan eccentricities created by non-
coincidence of centers of mass and stiffness and subjected to
seismic excitation. The basic concepts inherent to the
responge of torsgionelly coupled systems are reviewed and the
pertinent equations of motion are derived. A literature
review emphasizese the lack of agreement between different
regearchers on how variations in the fundemental psrameters

infiuence the response,

The melection cof gsystems with only +two lateral load
resisting elemente for the follovwing studies i= demonstrated
to be appropriate. A tentetive classification scheme for
various types of inelastic torsionally coupled systems is
proposed. The concept of equivalent non-linear systems i=s
obtained from +<the expansion of the incremental equationg of
motion and the

//rEquirementB for geometry-independence are

enunciated.

For mass and stiffneass symmetric systems having elements
with different yield capacities, toreional coupling is
created by the desynchronizing inelastic elewment remsponses,
despite the existence of symmetry in the elastic dowmain. An
extensive parametric study demonstrates +that the element

ductility levels remain within reasonable bounds provided the
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ratio of uncoupled frequencieg @ ie not excessively large and
the yield level of the veaker element ig accurately

estimated.

A gsimiler extensive psasrametric study isg conducted for
initiselly eccentric syetems. A procedure to insure a fair
comparison between +the coupled system and an equivalent
gingle degree of freedom i1ig formulated. Thisa procedure
seimultanecusly provides a capability for predicting element
ductilities in the coupled eyetem Ifrom readily available
design tools. Using +thizs new procedure, the resulting
ductility demand of the weeker element in the tvo-element
torsionally coupled systems becomes almost equal to that in
the equivalent single degree of freedom, independently of the
traditional parameters (1, e/r and T:. The special case of
f1=1 produces even more reliable predictions of weak element

regponge and this phenomenon is clearly explained.

Finelly, preliminary resgults are shown to indicate that
the findings in reletion to both initially =symmetric and
eccentric systems meay be algo applied to equivalent multi-
element =mingle-story gystems, systems with various types of
element models and multi-story systems. Additional research

iz recommended to assess thieg possibility in greater detail.
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UNITS

Due to +the highly non-dimensional neture of this work,
most velues are generglly expressed in "units®, In some rare
instances vhere nunite wvere specified, the imperial values
have been used. Egquivelent S.1. {metric) wvalues can be

obtained through the following relationships:

i inch = 25.4 miliimetre

1 foot = 0. 3048 metre

b3 square inch = 645. 16 sguare millimetre
1 square foot = 0. 0929 square metre

1 kilogream = 2. 2046 pound

1 pound = 4. 448 nevton

i kei = 6. 895 Mpa
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1. INTRODUCTICN

1.1 troductory Remark

Wwhen buildingza are forced to respond inelaasticelly, a=s
it is the case during rare and unugually intense earthguakes,
their true three dimensional reaponge may differ
significently from that predicted ueing conventional elastic
analysis methods. Thie difference can be particularly aecute
when the distribution of the lateral load resisting elemwments,
or of the centers ocf mass (or both), is such that
eccentricitier in plen induce an unequal demand on different
regigting elements. When inelagtic responge develops, the
behavior of the system can be greatly modified +thus inducing
larger than expected demand on some resisting elements. This
can lead to excessgive local damage to these elements or to
even collapee of the entire structure. OCbmervations of this
behavior are made after each mejor earthqusake, including the
recent Mexican earthqueke of September 1985 (Bruneau (1986)
{91, Meli (1986) {371, Mitchell et. al. (1986) [381) for
vhich "plan eccentricity" was reported to be one of the three
major factors responaible for the severe damege or collapse

of etructures= (Meli (1986) (371).

Coneequently, it 3is desirsble to develop a better.
undergtanding of the three dimensional behavior of buildings

under earthqueke excitation. A lurge porticn of this very
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broad problem conaists of iwmproving current Kknovledge about
the inelagtic behavior of structures with stiffnes= and/or
maege eccentricities in plan. 4Such gtructures are also often

referred to as being torsicenelly coupled.

1.2 Objectivee and Orgenization

The objectives of +this report are to investigate the
inelaetic behavior of some simple gtructural systems to
improve our undersgtaending of +the sengitivity of seisnic
regsponse to plan eccentricities created by non-coincidence of
centerg of mass &and s8tiffness and to devige guidelines
appropriate for preliminary desgign. This satudy will by no
means solve completely thies cowmplicated problem, but it is
expected thet 1t will result in e greater understanding of
the Ifactors effecting the inelagtic behavior of such

gtructures.

In Chepter 2, B brief review of the besic concepts
involved in the estimation of the reaponse of torsionally
coupled systems ie presented. The elastic dynamic equations
of motion are revieved in Section 2.1. Research on inelastic
torsional coupling is sgsummarized in Section 2.2, This
section also examines qualitatively the origine of inelastic

reaponse in torgionslly coupled mystems and the neceasity of



_3_.
considering this inelastic behavior in seiepmic resistant

de=sign.

The gtructurel idealizations used i1in these studies are
developed 3Iin Chepter 3. To =asimplify thome preliminary
studies, all eystems ere modeled s monosymmetric, have rigid
diaphragm floor slabs, and are subjected to unidirectional
earthquake excitation. The #election of syatems with only
tvwo lateral load resisting elements for the following studies
is demonstrated +to be appropriate in Section 3.1. The
incremental inelastic equations of motion ere expanded for
torsionally coupled egystems 1in order to 1llustrate what
parameters influence the inelastic response of these types of
structures. These parameters are examined iIin order to
formulate parametric studie= to he performed in the following

chapters.

The inelastic response of wmasse end stiffness symmetric
tvo element seystems wvwith different vyield strengths i=se
investigated in Chapter 4, Thia parametric study presentse a
gpecial case of systems where the torsionally coupled state

i= transient.

The inelestic response of initimlly eccentric twvo
element myptems having spame yield strengths is investigated
in Chapter 5. The parameters affecting global responae are

cleerly identified, and elastic end inelastic responses are
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compared. Simplified analysis and design methode are

identified.

In Chapter 6, ceses studies are performed to investigate
the effect of inelastic torsional coupling on structures with
multi-element systems, asystems with degreding restoring force
characteristics (braced frames), and multigtory structures.

Performance of these sy=stems iz assesaed.

Conclusions and design recommendations sre pregented in
Chapter 7. Recommendatione for further reseerch are also

offered.



2. REVIEW OF PREVIOUS RESEARCH AND BASIC CONCEPTS IN DESIGN

OF TORSIONALLY COUPLED SYSTEMS

.1 Elagtic Response of Torsionall ocupled emng

2.1.1 Some Himtorical HNotes

The knovledge thet structures with stiffness and/or mass
eccentricities will have esignificantly different hehavior
than symmetric systems iz not nev.. In 1938, R.S. Ayre (4]
(inspired by the preliminary work of L.S. Jacobsen) was
elready using small scale models to investigate the dynamic
responge of irreguler building forwms. Basic concepts related
ta this +type of etructure wvere enunciated.‘ For example, the
fundamental definition of torsional coupling was develaoped:
*¢...) 1in general, the center of rigidity ¢(...) does not
coincide with the center of mass, and we may therefore expect
tranglation 1in horizontal directieonz +to be accompanied by
torgion vhether of not there ie rotetion in the ground
motion®, Ayre studied the general free vibration elastic
regponge of a three degree of Ifreedom structure (a one-story
building with ®a 1rigid <floor diaphrasgm) wvwith arbitrarily
oriented resisting elements. He clearly illustrated the

difference bhetween the coupled and uncoupled frequencies as a

function of eccentricity, and demonzmtrated the striking
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difference betvween the traces of motion (et the center of

maege) vhen torsional coupling is present or absent.

Ayre pursued hiese ideas further in a second paper in 1943
{&] which investigeted the response of a one story buillding
to an idealized sinusoidal ground wotion. He observed that
the larger rotations i1induced occurred et rezscnance of =a
*trenslationel® mode rather then at resonance of a
*ratational® mode. This 48 in agreement with current
behavior obeservatione of eccentric gtructuresg under uniaxial
earthquake excitation wvhere the largest digplacements are
often produced by the ‘*predominantly treanslational” modes.
It i dimportant to understand that torsional coupling weans

thet torsion is present in all wmodes, and neot, as sometimes

believed, that the predeminantly torsional modes become
dominant. However, only one model was tested by Ayre under
forced excitetion, and no direct conclusions could be drawn

then as to hov other psrametera influence the response.

The firet conclusione of practical significance were
produced fifteen years later vhen G.W.Housner and H.Outinen
(1958) (28] demonstrated clearly that in the case of a Bystem
with valls of different stiffnesses in the direction paraliel
to the earthguake excitetion, the Zforces 31in each wvwall
obtained considering eccentricity by s=tatic analysie are
different from those calculated by dynamic annlysis. The

stiffer wall will get & sa8maller gtress than predicted
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stetically, and the more flexible wall will get & learger cone,
the effect being more dramatic vhen the walle are farther

avay from the center of mass.

From +thet wmoment 1In time, the potentially demaging
effects of eccentricity geined wider recegnition. Building
codes introduced provisionse for a magnified celculated static
eccentricity, and some minimum eccentricity. But adoptiaon of
these cade requirements were also in ansver to observation
and analysis of buildings damaged by torsional oscillations
during severe eerthquaekes (emong those, the 1957 Mexico City

earthguake).

Attempting a complete chronologicel history of the
evolution of knowledge about torsionally coupled egystem is
beyond the scope of this study, and wvould be very extensive.
Heiped by the modern formulations of wmatrix theory and
increased computer power, a gresat number of muthors added
their contribution to the study of elastic response of single
or wultiple story systemse with eccentricities. Valuahbhle
regearch ha=s been conducted by Bustamante and Rosenbluth
(1960) {103, ©Shiga (1965} (531, Skinner, Skilton and Lavws
(1965) [541, Medearis (1966) (361, Shepherd and Donald (1967)
[523, HNevwmark {1969) (411, Gibeson, Mcody and Ayre ((1872) (22
& 231, Anagnostopoulos end Roesset (1973) {11, Douglass (1973)‘
{161, Hart (1975) (261, Ken and Chopre (1976) (301,

Rutenberg, Tso and Heidebrecht (1977) {491, Foutch ¢(1978)
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{181, Rutenberg, Hsu snd Tea (1978) {483, Rutenberg (13879)
{471, Gluck, Reinhorn and Rutenberg (1979) (251, Wittrick and
Horsington (1979) {7131, Tso and Dempesey (1980) [611], Spanos
{1981) (531, Teicnies and Hutchinson (19815 {581, Dempmey and
Teo (1982} {141, Teso sand Meng <(1982) (631, Balendra (1983)
{61, Heidebrecht and Tec (1983) (271, Tec, Heidebrecht and
Cherry (1983) (€51, Humar and Awad (1983) {291, Rutenberg and
Pekau (1983) {501, Teo (1983) (64], Béjer and Gergeley (1984)
{7 eand 2131, Kung and Peckneold (1984) {(32], Scholz (1984)

(5117,

Since it i1is the inelastic responge of torsionslly
coupled structures vhich 18 of interest in this etudy, only
the fundamentels of the elastic theory will be summarized in

the follovwing sections.

2.1.2 Chooeing 8 Reference Center

Two different approsches have been generally followved in
the derivation of the eqguetions of motion for torsionally
coupled systems. Dynamic equilibrium is computed around the
center of stiffnesg or around the center of wmass, vith the
advantage of producing disgonal gtiffness or mass matrix,
reapectively. There i no coneensus as to vhich epproach ie

the wore convenient. An sarguwent can be made that the
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derivation around +the center of wmees iz wmore practical

because:

{1) the center of wmass will not move during inelastic
regponse as might the center of stiffnegs, and

(Z2) the center of mass i2 eaesier +to define for multistory
structures, wvhereas the definition of the center of
stiffness for multistory buildings is2 still the subject
of active research (in particular, the contributions of
Riddell and Vasgquez (1984) {461 and Cheung and Tso

(1986) [12] should be nated).

The argument may Beem weak since, in order to be sble to
calculate the eccentricity e, both centers wvwill need to be
knovn. Nevertheless, to assemble the global gtiffness matrix
for use in dynamic anaslysis, & reference point is required at

each floor, and the center of mass Beems a practical choice.

Still, derivation sround the center of stiffness has
been favored by gmome resgearchers, probabhly because it
providez 8 more continuous parawetric variation (i.e. all
combinations of +the various parawmeters are poésible) as will

be seen in the following Section.

The chosen reference for this study will be the center
of mass. In order to eallow comparison of results with
studies by other authorse, transformation factore will be

pregented in Section Z.1.4.



.3.3 ugtions of Hotio round the Center of Hams

The equationg will be derived here for a sgsingle story
system. The multistory system derivation follows similar
ideas, but requires added complications related +to the
definition of the centers of rigidity. Also, only structural
elements criented parallel or orthogonel teo each other are
congidered, although more genersal systems can also be treated
by determining first the directiong of the principal axes of

gtififness {(Ayre (1938) (41).

If we cell Kix end K,y the transletional stiffnesses of
the i-th resisting element slong the principal axes x and y,
and x, and y, the distences of the 1i-th resisting element
from the center of mase, then ve have:
Kye = ZKyy and Ky = EK,v
1 i
ag the translational etiffnesses, and:
Ke = g Kixys® + Z Kyya,?®
i a
a8 the torgional stiffnees of +the structure (torsgional
gtiffnesges of individuel registing elements are not included

as they ere generally negligible).
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The center of rigidity (vhere =a stetic latersl load
could be epplied without creating eny rotetion in the system)
-in this case would be located at the distances (static

eccentricities) e, snd ey:

ey = 3 z b Y Kg v and ey = 1 b Y K; ¥
Ky 1 Ky 1
measured from the center of mess along the principsal

directions x and vy.

Agssembling the equations of motions, vwe obtain:

My + Kv = - MG,
[ 1 . I N ~ 7
j m 0 o ! { Un ] [ Ky -Kyev O [ v ' b omUgx |
{ 4] mre O f I Ve ! * { "Kx ey K. Kv ex ! l Ve ’ = - i (4] I
i O e m t { Uy j 1 O Kvex Ky l [ vy ¥ { miUy v i
L PR S O - N S T L. —

vhere r 18 the radius of gyration about the center of mass,
m is the mass of the floor; v and ¥V are displacement and
acceleration of the reference point in the appropriate degree
of freedom, and ¥, i the ground acceleration. Viscous
damping could be dintroduced in the equations without
complications {(typically Reyleigh damping ims used), but there
iz no less in generality in neglecting it for the moment,.
Similarly, only translational components of ground motion

will be considered.
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We can express the equetions in a dimensionleszs form by

transforming them to obtain the following result:

. r" —-r- —._. 7
1 Vyx I ‘ l.lJ)(2 -u:x’(ey/r) O 'r Vi ’ I V,xi
[rVe | + |-wx® Cey/r) we ? we? Cex /¥) |frve | = - | O
[ U | | o wy ® (ex /1) wy * [f v | | Uev i
L L N 2 WU I |
wvhere wy , wy and we are known gae the uncouplied frequencies

of the gystem (they are the natural frequencies of the system
i1f there is no eccentricity between the center of mass and

center of gtiffness) defined as:
mx" = Ky /m wy? = Ky /m and w©we? = Ki /mre.

The notation can slso be simplified by introducing other
parameters that will be c¢all the ratiose of uncoupled
frequencies iv and Q. These are defined by the ratio of
uncoupled torsional frequency divided by the wuncoupled

tranglational frequency in a given direction, such that:
Qx = m./wu = Tx/T. Qy = w./(ﬂv = TY/T.

For a monasymmetric system (vhere +there is an
eccentricity only along one of the principal directione)
under unidirectional earthquake excitation, wve usually drop
the subgcript for 2 Bince we are talking about & two degree
of freedom system (with one translational and one rotational

degree of freedom) and there is no possible confusion.



The equationz2 for a monosymmetric gtructure then reduce

to:
. ™ — - .. 7
Ux r wyt 1 ~-e/r ‘ ’ Vy | = -Ug 1
Lzﬁ. ~e/r QF { 'rv._j 4] ‘
1 e et (- - —d

Therefore, the elastic responze parametersz v, and rv,
are uniquely defined for all torsionally coupled systema with
gimilar uncoupled frequencieg wx? and w.? (and wy? d1f not
monosymmetric) and ratioc e/r (e /r and ey /r generaily) for a
given damping and earthquake excitation. Note that it is not
the rotation angle that 1is uniquely defined, but'the radius

of gyration times the angle.

We could alsc calculate the true frequencies of the

monagymmetric system as:

Wiy ,aa = ox ®

—
| €QI+d) & (O4-20°+i+dte/rI®)e-s
| 2

and: Qut = we?/wx?® N=1,2

(I

with the equivalent mode shape=s:

woole]

f S

[ 1
[_(Q.’—i)/(e/r)

]

The resulting values of In * ag & Tfunction of the
ratio of vuncoupled frequenciee ({}) are presented in Figure

2.1, The ratiom of the terme in each true mode shape (in
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absolute value) I#xn/$an! @2 a Ffunction of +the ratio of
uncoupled Ifrequencies () are pregented in Figure 2,2.
Curves for different valueas of normalized eccentricities are
presented, the =sclid lines being for the first mode and the
dashed lineg being for the second wode. It ie intereeting to
note that for some combination of eccentricities and ratios
of uncoupled frequencies (measured arcund the center of
maas), no physical systeme can be represented as the true Qu?*
are negative (no real square root, i.e. no real frequencies).
Thig ie the discontinuocus parameter variation consequent with
the choice of the center of mass as the reference point (as
mentioned in the preceding =section). Clearly, the ratio of
uncoupled frequenciees cbtained wvhen the equations are derived
around the center of mass (") will differ from the ratio
obtained when the center of stiffness ias the reference point
{(QF or QF), The reletion between the two 12 presented in
Figure 2. 3. It ie also obvious from that figure, that the
ratic of uncoupled frequenciee around the center of stiffness
is continuoug vhile around the center of mass is not. The
equations uBed in the development of Figure 2.3 are derived

in the next gection.

It iz interesting to note from Figure 2.1 that for large
values of @, the true firgt frequency 1= cloeer to the
unceoupled lateral frequency wx, vhile for small values of 9,
the true second freguency is closer to the uncoupled lateral

frequency wy. The tvo real freguencies are close only for
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small eccentricities and wvhen @ 12 close to unity. From
Figure 2.2, it can be observed that for small Q. the first
mode 1s subjected to large torsional participation vhere for
large 7 the tranaslational participation becomes dominant.

The oppoeite occcurs for the second wmode.

2.1.4 Transformation Function for Ratio of Uncoupled

Frequencies as Derived from Different Centers

If the equations of motion are derived about the center
of rigidity instead, similar equatione are obtained (for a
complete derivation in that case, the reader 18 referred to
Tec and Dempsey (1980) tetl, or Tsicnias and Hutchinson

(1981) (583, a few among many wvho used the center of rigidity

as theilr reference point). The radius of gyration is now
denoted o, taken around the center of stiffness, and
therefore, we ¥ =K, /mp?. By doing this, the resulting value

of 4 1s different <from the 2 obtained by derivation around
the center of wass. The "uncoupled torsional freguency” is
not the same for the two cases (gtill defining ? as the ratio

of uncoupled frequenciesl}.

Since we know the simple relationship, p?=r?+e?, we can
establish e relationship betveen @ found from the two

different derivaetions.



Let’s define for the gystem derived arocund the center of

rigidity:

Qu?® = Ke® / Ku®p® = E Kyx (yy-€3?
i
CEKyx) (r3+e?)
a

and around the center of mass:

Q2 = Ke¥ / Ky¥r2 = E Kinys?
i
(EK;)() r?
i

where y: 1is the distance measured from the center of mass

element 1.

We can now derive a transformation factor such that:

Q® = F Q2

By simply expending the expressions above, we get:

F f—
Qﬂ. K.. /! KI " p‘ z K" (Y‘_’ -ZY; e+a? )
F = = = i
Qn‘ K."’ / Kx"r‘ z K‘,u y;‘ Ci+Ce/r)2 ]
i

to
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Hoting that 2 Kixy: = e , and distributing the

summation on the numerator, wve cbhbtain:

F = Y = . r® [ 1 - (e®Ky / Kew) 1

Since the relation i not linear, it is actuslly
preferable to exprese the relationship directly without

making use of a factor F at all.

Therefore:
2
Qa = 1 { 1 - (e/Ti*e(1/0,)2]
Cn l + (ersr)é
Finally:
— a.5
fin = ) ] { u® ~ (e/x)2]
1 + (e/r)t
I

0.5
Qu = {mh.° { L1+{arsr)2] + (e/r)® _]
e —t

vhich are the relationg plotted in Figure 2. 3.
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For the case of gr tvwo element stiffness eccentric
system, which will be & very dimportant case gtudied herein,

this expression can be further developed.

I1f the stiffneszes of the tvo elements sre related such

that:
K. = o« Ke = &0 K

and the geometry is fixed such that y: = -y:. , then:
e = (a=-1) v,

(1+a)

2.2 Review of Litersture on the Inelaegtic Regponge of
Torgionally Coupled Svetem

Many @uthors have studied the problems of three
dimensional structures subjected to wmulti-directional ground
motions in the inelastic renge (Pecknold and Sozen (1973}
{431, Fujivara and Kitahara (1982 & 1984) (19 & 201, Takizawa
¢1984) (571, to list just a few), and others have studied the
three dimensional non-linear behevior of ceolumns, beams and
various other sgstructural elements (Wen and Farhoomand (1970)
(691, Chen and Atsuta (1973) {111, Mondkar and Powell (1975)

{401, Uzgider (1980) {671, Zeris (1986) (73] and many more).
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Although these eare topicse directly related +to the
gubject at hand, the general field of three-dimensionsl
response o0f structures ¥will not be reviewed herein. This
summary will be limited to the subject of torsionally coupled

structures in the inelastic range.

2.2.1 Conventional Design Approaches

From structurel damage investigations performed after
many major earthquakes, it has been ohbzserved that plan
eccentricity between a structure’s center of mags and its
center of stiffne=se could 1lead to very dramatic inelastic
response. These investigations alsc indicate thet it i1s very
difficult to predict this damage by elastic analyse=s. Some

resultes of relevant studies sre summarized below.

Anagnostopeculos, Roesset and Bigge (1972) {13 wvere
apparently the first +to present analyticel evidence to
support that observation by performing some non-linear
analysesg for buildings with large plan eccentricities.
tinfortunately, the scope of their results with respect to

torsional coupling was rather limited.

A more extensive study of the problem was undertaken by
Kan and Chopra (1979} (3113, At the heart of their approach

wasg the definition of an interaction surface in +the shear-
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torsion space, thereby replacing the vhole structure by =a
single-element model with an equivalent interaction surface,
No particular relation between the inelestic response and the
system perameter ! (defined aes before) wes noted. The
effects of torsional coupling vere observed to depend on this
and other parameters in a complicated manner vith no apparent
systemetic trend, except for I larger than 2. In this latter
caze, the effect of toreional coupling on deformations
increased with increasing e/r and a/b (The a/b ratio affects
the location of the edge columns in & rectangular building of
plan dimen=ions a and b). Their research alsc underlined the
fact thét column deformatione ocan be congiderably amplified
because of toresionel coupling for systems vwith Q=1. This
la=t statement has been re-examined by many other

regearchers, as will be noted in following chapters.

Kan and Chopra explained that becausme most buildings are
strong in torsion, yielding of the system ie controlled
primarily by the trenslationel yield etrength. Thus, looking
at the center of mags response, 1t was steted: "torsional
coupling generally effecte +the maximum deformations in
inelastic systems to a lesser degree compared to
corregponding elastic egys=stem”, and “"except for that one
difference, inelastic and elastic syateme are affected

similarly by torsional coupling®.
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Teo and Sadek (1984) fe21 studied the effect of bi-
directional ground motions for unisymmetric eccentric

buildings with uncoupled periocds af 0.5 seconds i1in each

direction as vell as torsionally (i.e., =1 in each
direction). An idealized bi-directional yield relationship
wvas used, According to their research, buildings with swmall

eccentricities have column ductility demands gimilar to the
ones predicted for the symmetrical case. Hovever, buildings
with large eccentricities have ductility demands +thet can be
as much as tvice ae large as thogse for unidirectional excited

gymmetrical systems.

Finally, Tec eand Bozorgnia (1986) {81 gegtudied +the
behavior aof monasymmetric structures under different
earthgquake excitatione (unidirectionally applied). Using =

bilinear wmodel with identical yield deformation Ifor all

elements, they compared +the response of symmetric and
eccentric three-element systewms. All structures vere
desgigned such that, for the uncoupled <translational

directian:

Fo = Kuvo = ma* /R

vhere v¢ and F, are the yield deformation end yield strength
af the symmetric system, K. is the elastic lateral stiffness
of the systemn, m i= the wmase of the floor, and R i= a

modificatian factor (independent of +the uncoupled lateral
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periad Ty) releting the yield strength of the structure to
the intensity of the ground excitetion. The characteristic
acceleration a* ig &8 weagure of the etrength of the ground
acceleration. It wvwas taken as & smooth elastic pseudo-
acceleration from & demign spectrum such that e®* is assumed
constant for Tv<0.95 second snd varies inversely proportional
ta the pericd <for T,>0.5 gecond. Parametric studies wvere
performed u=ing step-by-step non-linear analysis procedures
and real earthguake records, and the responges computed for
the symmetric and eccentric systems wvere compared. The
difference between +the ductility demand on the structural
elements of the symmetric and eccentric systeme vas noted to
be larger 3in +the sghort period range. The difference
decreased steadily toward the long period range (the
eccentric system having & lerger ductility demand most of the
time). The increase i1Iin ductility demand c¢reated by the
effect of eccentricity vaes also observed to be more important
for weaker systemse (designed for larger R values). It is
interesting to note that @ did not infiuvence ductility levels
significently. Haowever, to get different @ values, different
system geometries vere used by the authors. This change in
geometry may eccount for the lack of influence of # on the
response, Te compensate for this geometry dependency, an
arbitrarily defined edge displacement was introduced. This
vas shovn to be somehovw more esensitive to R, with lover

usually creating larger response.
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The Teo and Bozorgnie study is of great interest, but it
iz likely thaet =ome of the conclusione reached may be a
consequence of comparing eccentric systeme with symmetric
gystems proportioned using a reduced-smooth elastic pseudo-
acceleration design spectrum. This deseign method produces a
decreasing ductility demand with increasing period even for
the inelastic responsge of symmetric structures.
Congequently, it i1e not known hov the obeerved parametric
sensitivity of eccentric systems would change should the
symmetric systemse be instead designed‘ to have a8 gimilar

ductility demend for any period.

2.2.2 A Special Type of Approach to Some Particulasr Cases

A speciel type of inelastic +torsional coupling vwas
first reported by Tso & Amig (1971) (601]. They observed this
behavior wvwhen the equatione of wmotion are numerically
integreted for +the response of a eingle mass gymmetric
structure containing 8special type of non-linear resisting
elements and excited by actual ground acceleration records.
The two types of element models used by the authore vere, (1)
hysteretic slip-type with the Ramberg-Osgooad function serving
as the backbone curve, and (2) elastic with a small sgoftening
non-linearity below yield level with plastic deformations at
the yield level. Torsional ccoupling wae aleo noted to occur

only for certain values of ! near 1. By ueing the Methieu-
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Hill eguation (Tmo (1975) £5%1), variastional methods
(Antanelli, Meyer and Oppenheim (1981) (21}, and the Kryloff-
Bogoliuboff method (Fekau, Syamal (1981 & 1984) (44 =and 451,
several researchers attempted to provide an analytical
explanetion for this coupling mechanism. The element model
chosgen in all of these studies vez elastic with weakly cubic
nen-linear esoftening and a sinusoidal excitation wvas

typically used.

Thie kind of 3ineiaptic torsional coupling derives from
the expansion of the elewment load-displacewent mathemstical
model iﬁto a truncated Taylor series. Gnce substituted into
the dynamic equations of wmotion, thie non-linear restoring
force relationship producesg torsional coupling of even

symmetric systems.

Various parametric studies wvere performed using this
analytiecal epproach. One must reelize the limiting
agsumptiong in theee studies (i.e. the type of element model
used and sinuscidal exciteations). The major conclusion of
these gtudies hes been that the 1likelihood of exciting
torsional motion is stronger when the uncoupled translational
frequencies vere neerly equal +to the =inuscidael excitation
frequency, but can only occur if the uncoupled toresional
frequencieg of the system 318 higher +than the exciting

trenelationel frequency. (The reader interested in further
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reading on thi=s topic is referred to Pekau and Syamal (1984)

{453 for the most complete treatwent).

A very recent study (Pekau and Syamal (13883) {(561)
extended these snalyticael +techniques +to obtain approximate
goclutions for the idinelastic response of eccentric single-
story structures with bilinear hysteretic behavior subjected
to sinugoidal ground excitations. Despite the limitations
produced by the sinusoidal loading, this study is of intere=st
ag it presents analytical results obtained for the response
of +two-element systems with stiffness eccentricities and

bilinear hysteretic relationship for the elements.

The model used had egual strength and etiffnese ratios,
that is:

kex 7Ky = Rve 7Ry

Thus yielding occurred for easch element 8t the same
vyieid displacement, by . The slope of the strain hardening
portion of +the wodel wvwas denoted o, with w«=1 being o
perfectly elastic =system, and a=0 being a elastic-perfectly

plagtic wmodel.

A different notation vae sdopted faor +this paper. The
response parameters * wae defined as the ratio of the
ginusoidal exciting frequency divided by the uncoupled

translational frequency, and f,° wvas defined as the uncoupled
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torgional frequency divided by the uncoupled transletional
frequency (vith uncoupled torsional frequency measured around
the center of maes=s). One must be careful mbout +this chenge

in noatation.

For a=1, elastic resonance occurred (as expected) at
each of the true frequencies, which for the cases Btudied
vere close to the value of Q+*=1. For very low values of «
(=0 and o=0.05), the peaks ocf maximum amplification of the
respanse occurred for lover values of *. Response was not
as egignificent at Q+*=1, The peak maximum inelastic
amplification for low values of o (in term= of peak ductility
demand response amplitude) ves large for the veak element,
and rather ewall for the strong element (and in both cases
less than the pesk wmeximum elestic amplification). This
maximum inelastic ewmplificetion of the weak element response
also rapidly increased with increme=sing normalized
eccentricity {e/r). For lerge values of (e/r}) (above 0.15),
there vazs 8 very rapid increase in the wmaximum inelastic
amplification of the weak element with decreasing values of
0 *. For gmaller valuee of (e/r), this e=same maximum
inelastic element amplification wvasg very slovly decreasing
along with decreaging values of (,*. In all cases, large
amplifications occur only for low values of 1*, usually with
peak amplificetion between 9°=0.235 and Q*=0.5 (in which range
the i1inelastic amglifications alvays exceeded the elasgstic

ones).



Finelly, it is observed +that a gtructure with amall
eccentricity does not experience pronounced torsional
coupling when the uncoupled toreional sand transletional
frequencies are ciloaose, in contrast to the much emphsgsasized

observation for linear elesstic structures.

2.3 Concluding Remarks

Resulte from past studies were sgummarized above in hope
of giving &8 wmore complete picture of vhat sre currently
believed to be the parameters governing the inelastic
responge of gtructures with masas and/or gtiffneas
eccentricities. Since many researchers started with
different essumptions, 1t is not surprising that conclusions
may appear contradictory st times, Obvioualy, it can be ssid
that much remaing to be learned about this importent
phenomenon st the heart of many structural failures during
major earthguakes. Conesequently, more basic work on simple
systems is desirable to better understand how torgionslly

coupled systems are affected by different parameters.
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3. IRELASTIC RESPONSE OF ECCENTRIC SYSTEMS

In +this chepter, a siwmplified wmodel is introduced in
wvhich begic behavioral modes for mess, stiffnesz and strength
eccentricities c¢can be investigated. After describing the
mechanical and dynamic characteristics of thi= aystem,
examples are pregented to illustrete sensitivity to various
parameters. More extensive parametric estudie= using this
model are presented in the subsequent chapters. More complexn

structural wodels ere considered in Chapter 6.

3.1 Selection of Beepic Structural Model

For gimplicity in vunderatanding the coupled torsional
responze of structures, 8 simple one story structure with tvwo
lateral resieting elemente is considered. The structure is
monosymmetric with uniaxial losding applied in the direction
of the resisting elements. Reasone for chooeing thie

gstructural model are exeamined below.

2.1.1 Eximtence of Structures with Only Tvo Latersl Reesisting

Elements

Since architecturel functionality of single-atory {(er

lov-rise) commercial buildinge i=s often dominant oaver
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structural concerns, disgimilar gtructural syastemg are
frequently used Jointly in a given principal direction. In
fact, many difficult architecturel problemg can require
epecial estructural solutions with large eccentricities end
only +two lateral res=isting elementsg in the principel
directiong (for example, large open atriums at the entrance
level of tall building). These problems are often
uwnavoidable az even wany amaell and wedium size wunicipalities
nov include special architectural requirements in +their
zoming regulations to favor complex pilan and complex
elevation (Arnold and Reitherman (1982} £31). Engineering
ipnovationa aelsc contribute +to laver etructural redundancy
{for example, the uge of 100 MPa (14.5 kei) concrete can
significently reduce the number of shear walle needed in each
direction?. Obviouely wmodern structures have a lover

redundancy in theilr number of lateral reeisting elements.

2.1.2 Ispues Related to Tvwo-Element Systems

Moet current codes allow the use of an equivalent etatic
lateral force design method for regular eccentric structures.
The problem of etcentricity is then considered aa originating
Ifrom two aéurces: accidental eccentricity and true
eccentricity. The true eccentricity occurgs vhen the

calculated *true” poz=itions of the center of mass s8and center

aof rigidity do not coincide. It must be recognized that
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these centers can hardly be eccurately defined, especially in
the case of non-rigid diaphragme or multi-story systewms, The
accidentalleccentricity is usually set by different codes to
a small ﬁercentage (ugually § or 10¥%) of +the maximum plan
dimensgion. In an epparently symmetric building, it provides
a minimum de=ign eccentricity vhich is thought to sccount for
uncertsinties in wechanical properties, mass digtributieon,

and ground motion,

Should oﬁly tvo lateral load resisting element= be
present 1in each principal directions (see Figure 3.1), 35X%
eccidental eccentricity will increase the design forces in
each element by 10X, The +transletionel and toreional
stiffnesses will &also increase by 10X, If ve now consgider
four egually spaced elemente with equal stiffnesses (with a
rigid diephragm eassumption), then the design forces will be
increased by 18Y% for the edge elements and by &% for the
ingide elementsa. The net tranglational stiffness is thereby
increased 12% and the net toreional stiffness ie increased
17%. Thig example mekez the tvo element system asppear to be
the more economic design solution. This appears discordant
with earthguake engineering’s traditional wisdom +that
redundancy improves the behavior of atructures, Therefore,
because -they constitute a non-negligeeble portion of
gtructural systems used for construction in sBeismic regions,

sgnd also becsuse codes do not discourage their use, it ie
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appropriate to study Ifurther the behavior of twvo-element

Byetems.

3.2 Svystemetic Approach to Eccentricity Cases

Even if all varistions of eBystem properties cannot be
eccurately determined, no generelity i= loet in studying only
Ptruly” eccentric systems. Once the behavior of systems with
"true” eccentricities is better understood, sllowance for the
uncertainiy in determining thie eccentricity can be inciuded
in the design method. Hence, except for a special case of
initieily seymmetric systemns with elements of unegual
strengthg, 8ll gtructures considered can be classified as

initially eccentric system=.

3.2.1 Detailed Description of the Cames Considered

We observe +that +the tvo-element system is staticelly
determinate, and consequentiy the lateral shear force muat be
distributed to +the elements by the lawe of equilibrium. A
static lateral force applied at the center of mas= will be
distributed to the resgisting elements by geometric relestions,
and independently of their respective stiffnesa. In a design
process, this will force the resisting elemente to be

proportioned in such a way that the center of resistance will



_32..
coincide with the center of mass (unless the center of mass
i not contained betveen the resiseting elements as would be
the case for e buililding wvith an eccentric core). This will
be alvay=s pogsible to =achieve if +the engineer has totsel
control on the struecturel layout and dimensioning. If three
({or mare) registing elements are provided for the lateral
resistance system, many different combinations of stiffnees
distribution smong the resisting elements can be sachieved.
If the engineer has unrestrained freedom in the structurel
design, the centerse of masg and etifinesses may be
superimposed. However, it must be emphasized that many other
eccentric molutions can be found still gatisfying the static

equilibrium requirement.

In order to clarify the different situations possible
for the tvo element model, a flowchart has been prepared and
is pregented in Figure 3. 2. If the two elemente are exactly

of equal stiffness and the center of masse is loceted at mid-

distance betveen them, the syetem will be considered
symmetric provided both repisting elements yield
simultanecusly.

Neverthelees, a speciel situation exists vhen the system
is congidered to be perfectly symmetric initially, but where
the different resisting elements do not yield simulteneously.
A transient state of tor=sional coupling will therefore be

excited during the inelastic part of the response; thset is,
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torgion vill be esxcited vhen one of the element is yielded
and the other one remains elastic, creating an instantaneocus
eccentricity. ¥hen +the system response diwminishes and
returng to the elagtic range, torsgional movements will be
eventually damped out provided +the resisting elements are
represented by ideal elasto-plastic models. Thus,
eccentricity here exists primarily in the non-linear phase of
the regponse, and only coupled torsional/translastional
inelastic sanalyses can provide an estimate of the maximum
deviation from the othervise predicted purely translationai

movement.

In the cage vhere both elemente are of equal stiffnesas,
if the center of mass is8 not at mid-distance between the two
elements, we will have 8 mass eccentric system. This i=
poesible for irregularly shaped floor plans, nonuniform mass
distributions, or vhen the center of massg is not contained

hetwveen the tvwo resisting elements.

Freguently, architectural requirements impose resisting
elements of unequal gtiffnesses. Ag =an dillustrstion, we
might consider a siwmple pgituation in vhich coluwmnas on one
geide of an othervime symmetric structure ere held captive
over a portion of their height by "rigid® non-structural
partitions. The effect of the partitions ie to truncate the
effective 1length of the column, +thereby increasing the

gtiffnese of the columns. Moreover, as the captive columns
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are presgent only on one s8ide of the structure, a strong
difference in the stiffnesse of +the lateral losasd resisting
elements i nov created. To provide symmetry, the center of
mage would have to coincide with the center of stiffness
vhich has nov moved +toverd the stiffer element. Obviously,

the engineer cannot move the center of mass eagily.

Since the force in each resisting element ie independent
of the stiffness of each resisting element in a two-element
seystem, the engineer may simply design each element +to be at
leasgt Bble 10 resist the design force (with the sBtiffer
element simply having more than needed capacity). Although
the displecements are dramatically different than for the
symmetric case, the design still appears safe since the edge
displecement of each element is equel or less than for the
symmetric case. This is8 illustrated in Figure 3.3. The
truth 312 quite different a=2 mey be demongtrated by an

exemple.

It is reesonable to ss=sume that this system (Figure 3.3)
would undergo Jlarge inelastic deformations during a real
earthquake having intensity equivalent to the derign
earthquake, and it i=2 not unreelistic to expect it to reach a
ductility of four or =80 in some cases. Sa to reveel the
inelastic behavior of this system, the N-S component of the
1940 El1 Centro earthgquake record wvas ecaled @such that the

gymmetric two-element system wvould reach &8 ductility of



_35_
exactly four from en inelastic step-by-step dynamic ansalysis.
Then, the stiffness and strength of one of the elemente was
increased successively by 50% and 100¥ resulting in the
atructure shown on the right-hend-gide of Figure 3.3,
Elements were wmaodeled =as bi-lineer hysteretic with 0O.5%
strain herdening. The results are presented in Table 3.1 and
Figure 3.4. Also presented mre the results for the elastic

enalygis with the eame earthqueke sceling.

Clearly, theese regults demonstrate the large edge
digplacement emplification produced by the inelastic
torsional coupling of the astructure. The ductilities so
aobtained are =substantielly different from anything that could
be predicted from the estatic enalysis. Also, the elastic
dynamic step-by-zstep analysis coulid not predict the
significantly increased demand on the weak element. This is
of large consequence: i.e., even 1if the engineer had invested
more effort and performed =an elastic step-by-step dynamic
analysi=, the lerge ductility demand on the weaker element

could not have been identified (not even inaccurately).

3.2.2 The Type of Eccentric Systewms Considered

Two major typee of eccentric systemg were identified in
the preceding msection: the initielly symmetric and initially

eccentric ey=tems.



The initially symmetric system occurred vhen the
degigner could contrel exectly +the sastructural design and
superpose both centers of mass and stiffness. Ag EOoONR as
there is a discrepancy in the yielding strese of one of the
elements, inelastic tarazional coupling will result from the
instantaneous eccentricity created by +the inelsetic behavior

aof the structure.

The initially eccentric systems will be further
subdivided into the mass eccentric and sastiffnesms eccentric
systems: 0f coursge, a combination of bhoth caeses is possible,
but keeping the simpler classification is adequate for nov.

These are the tvwo type of systems adopted for this study,

A major problem then is to be able +to understand how
eignificantly inelastic behavier will deviate from
elastically predicted behavior. More specifically, if a
designer uses the elastic dynamic asnalysim method in hope of
getting +the overstress to gome predetermined value in =all
registing elementsa &I B given structure, ig this sufficient
to as=ure that +the structure will not reach intolerable
ductilities during &a s=severe earthquake? Anaother wmajar
concern is +to understand how the inelastic eccentric system
behavior will differ from an "equivalent” inelasgtic symmetric

eystem.



3.3 Modelg Uged for Initiasl Parametric Studiee

For inelastic analyses to predict the true behavior of
torsionally coupled structurese supposes that the resisgting
elements are properly modelled. Since very little iz known
about inelastic response of torsionally coupled systems, it
would be premature to introduce too many modeling refinements

at this stage.

The traditional bi-linear elasto-plastic hysteretic

model <(with strein hardening) seewms appropriate for these
preliminary studies. When the influence of different
parameters (<1, e’/r, etc;) on the inelastic response of
torsionally coupled systems i1isg better underestood, other

models will be considered, as done in Chapter 6.

Finally, <for +the bi-linear elasto-plastic hysteretic
madel, it must bhe decided hov +the different elements relate
to each other. Here agsein, an extensive coverage of all
poesibilities iz beyond the reach of +this study, and some
gimplifying essumptions are required. The element models
adopted for this study <(presented in Figure 3.53) are
described by their restoring force~digplacement
relationships. Therefore, any structural layocut conforming_
to this model repreesentation will produce similar resulte.

For simplicity’es saeke, bi-linear hysteretic springs vere
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chosen for computer modelling gince they are sufficient to
provide insight into the real behaﬁior. Therefore, the
restoring force equation in the elastic rasnge can be

expressed by:

& = (AE/L) & = A @

o
"
-

where E {(modulu= of elasticity) and L (gpring length) are

preselected, and only the epring area A needs changing to
provide the various stiffnesses required. Moreover, for a
given structural gtiffness, the yield etrength becomes

directly related to the yield stresg (and yield displacement)

by:

Ry K &y = (AE/L) 6v = A oy = A Fy {Notation oy = Fy)

and either term can be used to express the variation in yield
level. Aleo, ag shown in Figure 3.5, the center of mass of
the floor is assumed equidisgtant to ‘each element. Reasons
for studying the stiffnes= eccentric =system first will be

presented belov.

The models2 used for initially eccentric syestems have
equal yield displacement. This situation 1ie representative
of moment reeisting frames if the section used ag columns in
both framee are of the zame nominel depth 8and of the =ame

length, or aleo of braced frawes wvhere the compression brace
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does not buckle but yields in cowmpression (very stocky
braces}. Initially eccentric models where the yield
displacements do not coincide for each element could have
also been coneildered, but it was thought that the present
model i1is sufficiently realistic, and also limite the
parametric studies to reasonable bounds. Thi= model is also
2imilar to ones used in previous gtudies, which will allow
gome comperison of resuvlte with this esrlier research.
Nevertheleas, in order to illustrate the effect of different

yield levels for the stronger eilement, some dynamic snalyses

vwill be presented Section 3. 10.

The model used for initially symmetric system i=
representative of 8 case vwhere the designer asucceeded in
calibrating the stiffnesses =Euch that they are equal, but
vyielding does not occur simultanepusly. As explained
previocusly, this model is reslistic if digsiwmilar syatemsrare
used on each eside, although 31t could =also represent
statisticel wvaeriations in vyield capacities of similar

eygtems.

An additional edvantage of the bi-linear type of element
model iz the ability +to eassily compute an instantaneous
eccentricity corresponding +to sll possible steps during the
progression of yielding. There is a relatively amall number
af possible valueg of ingtantaneocus eccentricities for this

well behaved wmodel. Thi=s will ellov Bubzegquent establishment
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of =some equivelence between the inelsstic behavior of
different systems. Thiz 18 by oappoaition to stiffneas
degrading element models where there iz an infinite number of

instantaneous valuee for the inelastic eccentricity.

Furthermore, for the bi-linear hysgteretic elements in
this estudy, the ductility factor isg simply defined as the
maximum element displacement {(in absolute value!)! divided by

ite yield displacement, that is:

B = t buny { /by

This maximum displacement ductility factor definition is an
adeguate indicator of the severity of +the inelastic element
response for this investigation. If we wish to quantify the
severity of esn elestic resgponse instead, an overstress factor
is defined similarly where Suway isg nov the maximum elastic
response (&y being 8till the yileld displacement from the

equivalent inelastic model).

Finally, Rayleigh type damping iz epecified at 2Zx of the
critical damping Bt each wmode of the two-degree of freedom

aystemsg studied.
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3.4 Reqguirementeg [ Geonetry-Independence n the Inelastic

Responge of Two-Elewment Systems

It ie demonstrated in Appendix A that two systems have
the zame dynamic inelastic response v, {(t) and xv, (t) (v. {t)
and v, (t) being the trensletional snd rotational degrees of
freedom at +the center of mnasel, if +they have the sawme
uncoupled tersieonal and +trenslstional Ifrequencies (wy and
e !, have the wsame normalized eccentricity (e/r), are
modelled with the zame Rayleigh-type damping, are submittied
to the same earthguake excitetion and change to the same
tangent properties simultaneously all the +time (this last
requirement implies =awme element wodels and game inter-
element model relations are used for the vhole aystem). This
geemz2 to be very restrictive, but in fact it still sllavs

some freedom in geometry for the tvwo-element model.

Figure 3.6 illustrates hov tvo-element systems with the
game ratio d/r=D cen be of different geometry and still have
the zame plement response (recall that d is the distence from
the center o0f mass to the elemente in a stiffne=ss eccentric
system). This ratio d/r=D fixes <+the proportional geometric
configuration of a system as scaled by its radius of
gyration. It is more restrictive than simply fixing the e/r
ratio. It wmeans that similar element time histories and
ductiiity demands cen be obtained from a wider astructure with

2 larger radius of gyrstion a2 long as the . d/r ig ratio is
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preserved. Howvever, the maximum angular response will be
lover trecsll from derivaticone in Section Z,1.3 that rve(t)

is presgserved, not vet(t)})),.

In masz eccentric systemz, ve will have different values
of d, /r=D, (i being index for 1-t** plement). Whereas it is
pogeible to have a mass eccentric system and stiffness
eccentric system sharing the =same e/r values, their D, ’s will
be different. It is therefore predicted thet their inelastic
regponse will not be the same. 0Of course, the (e’/r) values
vouldn’t be the eseme either in that esituation and the
inelagtic response could have been predicted to be different
vithout considering the d, /r ratios. Since the D values are
calculated <from initial properties only, it is preferable
(and easier) to keep +track of the D,’s then evalusting all

possible instantaneous eccentricities e’.

2.5 Additional Remarks for Multi-Element Systems

For mwulti-element esystemz=, +the =ame geometric non-
dimensional form derived for the two-element system in the
above gection is applicable. Again, all constants
(cd, /T = D;) muat be the same between the twvc gystems for the

reepeonse to be similar.
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Therefore, all systems with the seme D, ’g, wx, we, and
(e/r) (and of course same damping, earthquake excitations,
element models and model inter-relation betvween different

elements) will have the same element inela=stic responze.

For m given value of wy, we and e/r, only one geometric

pattern is possible for a stiffnese eccentric tvo-element

syastem wvith equidistant elements, and thus only one set of
D, *s. A unigue geowmetry is defined by aleoc specifying r.
For a multi-element system, even 1f the elements are

equidigtant to the center of mase in pairs, there sre still
many possible values of D; ‘s for given wx,ws, e/r and r.
This is easily illustrated for +the case of initially
symmetric systemsz with four elements. We notice (Figuresa
3.7a and 3.7b) that =some systems with very stiff near
elements and very weak far elementse cen be elastically
eqguivalent to more belanced systems. Since all these systems
have same uwy, w,, &8nd e/r, their elastic response will be the
same, &nd esince they aleoc have the same radius of gyrsastion
{r), their sngular regponse will be =similar. This leads to
the prediction of eariy yielding (and iilkely relatively
larger ductility dewands) of the edge elements. If we
releaege the constraint of equidistant elemente for stiffness
eccentric eystem= (or similarly the constraint of symmetric
stiffneses disgtribution for wmass eccentric systems), we now
have & gituation aof arbitrarily eccentric systenms, and

therefore, many geometries (sharing equal perameters wx, Wws,
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e/r and r) cen be possible even for the two-element systems,
as illustrated in Figurems 3.7a and 3. 7c. The center of maes
is= alwayé ocoutgide of both reeisting elements for these
figures. Thia is an additional advantage of considering the
analysis of mass or stiffness eccentric systems rather fhan

arbitrarily eccentric systems.

3.6 Effect of Stra Hardenin

A reletively gimple (although incompiete) way to
illustrate the effect of strain hardening on bi-linear
hysteretic model d4is by the application of & monotonically
increarging load at the center cof mas=a. In e estatic loading
situetion, when there is no etrain hardening, eny tvwo element
system becomes unstable as soon eg only one of the elements

vield, and the maximum =angle of rotation i= infinite.

For initielly symmetric systems, if we still consgider e
monotonicelly increesing static load but now with a finite
value of strain heardening, the maximum rotation developed
during the phase where only one element ig yielding can he
calculated. When both elements are yieided, the displacement
returns +o a purely +translational state i1if the strain
hardening stiffnesses are equal {the new instantaneocus center
of stiffnesse again coincides with the center of maessas). Thie

type of analysis reveasls a very important consideration for
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initially symmetric systemsg vith different yield values:
torsional coupling is only excited when one of the two
resigting elementse isg yilelded. Increaser in strain hardening
vill obviously reduce the maximum calculsted stetic angle of

rotation.

Pynamic analyegis of initially symmetric system revesls
2imilar observationz as torsion casn be observed to behave in
a "demped free vibration® manner after being ebruptly excited
during inelastic excursions. Increases in strain hardening
alzo tended to reduce the maximuwm angle reached during the
response. Thig is illiustreted by +the time history results

from an inelasgtic dynamic analysgis aa shown on Figure 3. 8.

Initielly eccentric systems exhibit constantly verying
rotations (even vhen loaded staticelly), but this rotation is
again sgignificantly amplified while the system has only one
element yielded. Mcnotonically increasing loading produces
trends similar to the ones mentioned for the initially
symmetric systems. Unfortunately, the torsgional contribution
to dynamic responge does not necessarily decreassae vwith
increasing strain hardening. Figures 3.9a and 3.%b
iliustrate two ceses: an increase in gtrain hardening reduces
the maximum response (translstional ag wvwell as rotational) in
one case, but increageés i1t in another. Hevertheless, the
final displacement offset ig reduced Ifor larger strain

hardening values in both cases. It 3i2 obviocug that very
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minor differences in the early reasponse of comparable systems
vith different strein hardening have wmajor effects on the
overall behavior, especially under large ductility demands.
It i= understood thet after an initial yield excursion, the
bi-linear model will make the element with the largest strain
hardening yield a8t & lower stress during load reversal; this

may account for the striking differences in behavior.

The above observations i1llugtrate the strong element
model dependency of the torsionally coupled problem in the
inelastic range wvwhich will be the subject of further studies

in the following chapters.

3.7 Effect af the Rotational Inertia

Although the radius of gyration r {around the center
of mass) is not =2 non-dimensionel parameter, something
fundamental sahout torsional response can be detected by
gimply verying this parameter. Practically spesaking, varying
r alone is synonymous to varying the floor plan, which is not
possible usually in practice. Nonetheless, the study of the
effecte of variation in radiua of gyration on response is of

interest.

A redycticon i1in the radius of gyration r vill increase

the value the normalized eccentricity (e/T}, but will not
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change the true eccentricity. More importantly, it will
reduce the mass moment of inertia wré¢ {(therefore increasing
Q=[K, 7(r2Ky )} 1). If the mass mowent of inertia is very =mall,
it is easy to produce a2 rotational movement 8s there ie
little dinertial resistance to the induction of anguler
motion. In the opposite fashion, 1if the wmass moment of
inertia 1is very large, consgiderable inertisl resistance to

angular motion exists and very little of it mey develop.

Figures 3.10a and 3.10h demonstrete this phenomenon for
an initiaslly symmetric system of uncoupled frequency Ty=0.1
seconds, bi-linear elements with O0.353% strain hardening (one
of them yielding st 80X Fy, the other one at Fy), 2% damping
and values of @ of 0.4, 1.0 and 1.6, under +the N-5 component
of the 1940 El Centro earthqguake record scaled +to s level
such that e single degree of freedom system of 0.1 =econd
pericd vould reach a ductility of 4. Obvicusly from theee
figures, the systems with lover radii of gyration <(higher )

produce a8 lerger anguler wmotion.

2:8 Effect of Different Farthquake Intenmities

It has been noted in previoug research (Kan and Chopra
<1979) {311), wvhile comparing the inelastic and elastic
responge of torsionally coupled asingle story systems

eubjected to a given earthquake, that the translation at the
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center of mass is usuvally larger for the elestic response.
Without undertaking a complete parametric study, it is
interesting tc briefly investigate the effect of increased
earthquake intensity on some typical structures for the two

types of inelestic systems discusgsed previously.

3.8.1 Initially Symmetric System

For this study, a two-element system with period of 0.4
sgeconds, 2Z¥ viscous damping, d/r=1.6, r=31.25, =1.6 and with
bi-linear element models with 0.5X%X strain hardening, wvas
subjected to +the N-S component of +the 1940 El1 Centro
earthquake record. Inelastic torsiconal coupling waes produced
by the unequal yield stress of the two elewents: one element
would yield =t 0.8 Fy, the other at Fy. For these examples,
an earthqueke level of unity iz defined 88 producing =
maximum displacement equal to the yield displacement for the
elastic symmetric system (yielding at Fy). Any other level
ig gimply @& direct scaling of the earthquake by that value
{for example, for a yield displacement of &,=0.12 dinch, a
earthquake level of § will produce an elaestic symmetric

system reaponse of 0.6 inch).

The results for thig initially symmetric system under
earthquake levele from 1 to 12 are prezented in Figureg 3. 11

through 3. 13. Regponse of symmetric elastic and inelagstic
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systemse without torsional coupling are represented by solid
iinez, whereasz the element response of the two-element syestem
vith unequal yield stress are shown by dotted lines. Despite
the fact +that the center of mass is equidistent from esch
element in the model, the maximum displacement at the center
of mass is not necessarily egual to the mean value of the
maximUm response of both elementz (although this is often =
good approximation}. From Figure 3.11, it can be said that
the mean value of the maximum response of each element (in
the system with uneguel yielding) is2 epproximately equal to
the maximum regponse of the uncoupled inelastic aystens.
Hovever, at sgome times the coupled systems have a aiightly
lerger response. For gll levels, the uncoupled inelastic
resgponge curve is between the ones for the coupled systenm;
the element with smeller yield stress having the largest
ductility demand at all times. The cyeclic ductility, defined
ag the sum of the abs=olute values of the maximum di=splacement
in esch direction divided by the yield displacement, has also
been c¢cslculated and regulte are presented in Figure 3.12.
Conclusiones are similar to thoge for the standard ductility
definition case, with the exception thet +the ductility

demande are larger.

It 12 of great interest to see how the earthquake level
rffectg the maximum rotaticne recorded during the response.

A expected, the maximum attained angles increase somevhat
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proportionally with +the earthquaske level in a well behaved

manner as indiceted in Figure 3.13.

Finally, esome sample +ime historiez are presented in
Figures 3.14a snd 3.14b in order to emphasize the high degree
af similitude between the responseg of both types of system,
Hovever, general behavicral characteristics cennot be
concluded from Jjust a fev examples. The following cheptere

will provide more in-depth studies.

2.8,2 Initielly Eccentric System

For thig gtudy, a tvo-element stiffneme eccentric asyastem
vith uncoupled period Ty of 0.1 geconds, 2% damping,
(e/r)=0.3, r=33.3, (=1.5 and bi-linear element model with
0. 5% strain herdening, wae Bubjected to the N-S§ cowmponent of
the 19840 El1 Centro earthquake record. Similarly to the
previoug examples, an earthquake is said +to be of level one
vhen it makes the firet element yield. Ductilities=s and other

earthgquake levels are defined as in the preceding section.

The regulte for thisg initielly eccentric system under
earthquake levels from 1 to 12 are presented in Figures 3.15
and 3.16. The weak and strong element responses are plotted
with dotted lines, the wveaker element always having the

larger ductility demand. Although, the +true coupled system
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has periods of 0.1036 and 0.0637 meconds, it is interesting
to compare its responge with the similar response obtasined
from a symmetric system of period 0.1 second (some 0.1036
gec, sBymmetric eystems vere also analyzed and they compared
well with the 0.1 Bec. cage; the 0.1036 sgec. system
developing 15% less demand at low earthquake levels, and 4%
more demand =at high levels). Thi=s symmetric response, along
with the coupled elagtic responge o0f the weak elewment (in
which case overstressg is plotted instead of ductility) are
the solid lines on the same figure. HNote that +the ductility
demand ig very severe for both the uncoupled and coupled
systems, snd that mctual structures ere not expected +to be
excited to the extreme ductility values indicated on these

plots.

Again, it can be sald that the average between the
strong and wvesk element maximum response in the inelastic
torsionally coupled esystem 1s approximately equal to the
uncoupled inelastic system response, except for large
earthguake levels vhere the gymmetric =system seems more
demanding {(although both sBystems have unreasonable ductility

demands at that point}.

The wmaximum rotations recorded during the responses
again increase proportionally with the earthgquake level

(Figure 3. 16). In this cese the rotations become huge, Bnd
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sonme care must be taken in interpreting the resultis. Some

representetive time histories ere presented in Figure 3.17.

3.9 Mape Eccentricity ve Stiffnegs Eccentricity

In the elagtic domain, it is not necessary to
di=tinguish between mass eccentricity and stiffness
eccentricity., As demonstrated in Chapter 2, all systens
sharing the same regpongse parameterg wx, we and {(e/r) will
have similar responge (v, (t) and rve(t)}) earound their center
of mass: Nevertheless, it is understood that an individual
element response is not only affected by its distence from
the center of mass, but eleo by the global distribution of

the resisting elements.

In the inelastic domain, the responge at the center of
mass 12 not guaranteed to be the same anymore unless the
global digtribution of the resisting elemente ie alsc the
samne. Sections 3.2 and (3.3 have already described the
differences between mass eccentric and stiffness eccentric
systemg 8nd addressed +the necessery conditions to insure
gimilar response betveen two inelastic eystems. This section
briefly gstudies mass and stiffness eccentric systems which
would be eguivalent i1in the elastic domain. Obgervations

regarding differences in their response are made.
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Tvo sets of "elastically egquivelent®" mass and stiffneas
systems are investigeted here, corresponding to ca=ses of
large =and swmall actuel eccentricity. Both sets have an
uncoupled translational period of (.1 seconds, 2% demping, S%
strein herdening <(higher +then +the (.5¥ value used in most
previous sgections), aend wvere psubjected to the same N-S5
component 1940 E1 Centro earthquake record arbitrarily sceled
to produce reasonable overstress (meagured elastically) in

all elements.

The first set had a retio of uncoupled frequencies N=1.5
and a normalized eccentricity (e/r)=0.3. For >elements B
distance of 100 inches sapart, this translates into a true
eccentricity of 10.2 inches for the mass eccentric system and
10 inches for +the stiffness eccentric system. The true
periods vere calculated to be 0, 1036 and 0. 0657 geconds. The
second set hes a ratio of uncoupled frequencies =0.5 and a
normalized eccentricity (e/r)=0. 3. For elements 100 inches
apart, this +translates into +true eccentricities of 37.35
inches and 30 inches for the mass end egstiffness eccentric
syetems, respectively. The {rue periods vere calculated to

be (0.2628 and 0,095} seconds.

Resultse from elastic and inelastic step-by-step analyses
are presented in Figures 3.18 and 3.19 (all plotted at the
sgame scale to provide a.better' persepective). AB predicted,

the elastic response st the center of mass is similar in each
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set, but +the elewent responses are different, affected by
their relative position with respect to the global sgystem.
Furthermore, the inelastic esystems responded differently,
even at their centers of mass. The =et with +the larger
eccentricities presgented more significant differences. The
actual time histories are presented in Figure 3.19 to better

ililustrate the differences in hehavior.

It appears that the more severe element ductility dewmand
vas produced in the veak element for the gtiffness eccentric
system. That 418 logicel, as the distance from the weak
element to the center of mass is greater in +the case of
stiffness eccentric system. The stiffnegs eccentricity is,
therefore, believed to be wore caonservative (for the same
earthquake intensity). If +this is the cese, conclusions
obtained from stiffness eccentric systems may be

conservatively used for wass eccentric gystems.

Also, 1if i1t is desired to set the elastic response of
the front element to be similer for the wmass and stiffness
eccentric systems, it would be necessery to scale each system
to different earthquake levels. In such a case, the mass
eccentric system may need to be subjected to & much larger
earthquake, and consequentliy, the inelsstic responze of the
mass eccentric system may largely exceed +that of the

stiffness eccentric system.



3.10 Plagtic Centroid --- Inter-Element Model Relations

As mentioned earlier, the inelestic response of =systenms
with plan eccentricities strongly dependse on the element
model chosen. Furthermore, for a given model, the relative
yielding levels betveen different elemente will also affect
the globel behavior. For a bi-linear strein-hardening two-
element model (and a given set. of 4, {e/r) and Ty, oaf
course), the respective yield di=splacements {(and thus yield
stresges for the spring model) betvween the tvo elements will

campletely define this inter-element model relation.

By =8snalogy with reinforced concrete theory, a plastic
centroid can be defined: this is +the point where a gtatic
lateral load must be applied in order to produce a purely
translational dispiescement vhen all elgsto-perfectliy plastic
‘elements are yielded. The plastic centroid distance from the
center of mase can be used yet as another indicator of the
geverity of the system inelastic eccentric behavior. A
plasgtic centroid distance of zero would produce simultaneous
yielding of bﬁth elements under a monotonically increasing
static loading, although under dynamic excitation it is not
necegsarily +the casme (8= two modes are actually excited

herel.



_56_

In order +to gein s=some insight into the effect of the
plastic centroid distance on the global system resgponse, the
tvo gtiffnees eccentric systeme used previously (2=0.5 & 1.5
for e/r=0.3 end Ty=0.1) wvere reasnalyzed using various yield
streas levels for the stronger element (thus changing the
plastic centroid distance). Figure 3.20 zummarizes the cases
studied and the maximum displacemente obtained are listed in
Table 3. 2. As the yield strengths and stresses are uniquely
related for the spring model used, it 18 more expedient to
present the results in terme of streeses, the lover values in
Teble 3.2 corresponding to R, in Figure 3.20. Figure 3.21
displayé the camplete digplacement and rotation +time
histories, These should be compared with the ones obtained
for the case of equal element yield streases presented in a

preceding =ection {(Figure 3, 19).

Interestingly, changes in plastic centroid distance have
a serious effect on the element whose yielding stress is
varied, and relatively little effect on the "weak” element
whose yield stress is kept constant throughout the parametric
study. From Table 3.2, the maximum response varistion of the
veak element 18 not more than 16X vhereazs the gtrong element
respanse variation exceeds 500X wvwhen comparing the results
from the sBmallest and lergest plestic centroid distance
analyzed. Actually, if +the maximum response of the veak
element is of concern, it appears edequate to adopt a model

vith equel yield stresses (and yield displacementsg), as has
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been done for most of this chapter. if the strong element’s
response is also of interest, ite high sensitivity +to the
plastic centroid distance wmekes +the inter-element model
relstion 8 more importent issue (despite the fact that for
this example, the maximum measured rotations were not as
considerably affected by the plasgtic centroid distance as the
maximum wmeasured displacement}. Nevertheless, only two
examples f(e/r, Ty, Si=conzatent) are studied here, and tooc many

generalizations should be avoided.

3.1 Additional Observations on Svymmetric ve Eccentric

Systems

it is interesting to cb=erve how the inelastic eccentric
response compares vith the inelastic symwetric response of
similar true period (i.e. the symmetric =sysatem transletional
period eqgual to +the +true first period of the eccentric
eyestem). Faor this purpose, a 0.263 secondse period system was
scaled such that its elastic response would be the same as
the weak edge element elastic résponse for the stiffnesgs
eccentric system with peresmeters T,=0.1, 1=0.5 and e/r=0.3
and equal element yield stresses {(vhich also has a8 first true
period of 0.263). Thie symmetric system wvas then analyzed
inelastically and compared with the eccentric Bystem
inelastic behavior: resulte are presented in Figure 3,.22. 1t

is shovn that the symmetric system response tends +to follaow
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rather closely +the veak edge element respanse. No general
conclusions should hovever be drawn from this ohaervation et

this stage.

3.12 Concluding Remarkse

Structural systemsg with two lsteral load resisting
elements in each principal direction constitute a significant
portian of congtruction in geigmically active regions
(Section 3.1.1). When concerned with inelastic tors=iconal
coupling, it is useful to consider the existence of initially
symmetric systems and initially eccentric systems, thieg last
category further divided into mass eccentric and stiffness

eccentric systems.

Results presented cleerly indicete that the inelasstic
response of torsionally coupled systems may not be accurately
predicted by eguivslent static or dynamic elastic analyses.
Thueg, the ahility to predict and control the severity of the
resulting inelastic deformatione 18 a major concern. To
echieve +this goal, =2 =simple bi-linear hysteretic model is
gelected for atudy along with an appropriate inter-element
relationship. An 1initially eccentric system model with
resigting elements having identical yield displacewents i=s

adeguate when concerned with the "veak" element response.
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The requirements for geometry-independence in the
inelastic response of tvo element systems ig far wore
reetrictive than in the elastic case, but the establishment
of an equivalent geometric pattern is wmade possible by the
introduction of proportional geometric configuretion ratios

Dg ‘s.

Increases in 8train hardening tend to reduce the maxiwmum
angle reached during the response' of initially symmetric
systems. In the cage of initially eccentric systems, the
effect of gstrein herdening seemz inconsistent from case to
cage, although the finsl displacement offset decreased with
increaged strain hardening in 811 cases studied. These
obgervetions outline the high sensitivity of the response to

the hysteretic model charecteristics.

The mass moment of i1inertia influences the torsional
response by offering an inertial resistence to +the
introduction of angular motion. This perameter was
demonstrated to directly =affect +the response of initially
symmetric system= where torsiconal response is e "transient”
state. For initially eccentric systems, veriastions of the
masg moment of inertis alter the fundamental parameters to a
larger extent and a more complete +treatment is presented in

Chapter 5.
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Stiffness eccentric gystems have more severe element
ductility demand than theilr corresponding maass eccentric
systems. It i believed that study of these systems will

provide conservative conclusions.

The effect of the traditional +toreionally coupled
regponse parametere (nawmely Q, (e/r} and T*) on the inelastic
rezponse of initially symmetric and eccentric systems remains
to be determined. This more comprehensive investigation will

be accomplished in the follovwing chapters.
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4. INITIALLY SYMMETRIC SYSTEMS: PARAMETRIC STUDY

The concepts underlying the study of initially symmetric
systems have been discussed extensively in the previous
chapters. Once it is realized thet the initiel coincidence
of the centers of wmass and rigidity will not ingure a
torsion~-free response, it becomes imperative to inveatigate
in more detail the influence of the =system’s other basic
paremeters. This i2 the intent of this chapter, The effect
of periad, ratio of uncoupled frequencies, and ductiiity
levelg will be studied on two element gystems with different
combinetions of yiéld levels; the results will be compared
vith those for equivelent single-degree-of-freedom systems.
Furthermore, it will be emsessed how these gbhservations will

impact the degign of structures.

4.1 Choice of Parameters

The bi-linear hysteretic elewent with gtrain-hsrdening
was again chosen for this study. Its simplicity ig warranted
here in order to discover the trends in response. Strain-
hardening was choeen e 0.5% (d.e. Ezy = 0.005 E), making the

elewment model nearly elasto-perfectly plastic.

Since 8 time history approach (atep-by-astep analyses) is
adopted in thie study, it is essentinl to ume many earthquake

records; thisg 3is to insure that the obgerved trends will not
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be affected by special cheracteristice of a particular
earthquake. Gn the other hand, a2 there ie mlready =
substential guantity of parameter combinations to be
considered, using 8 large number of earthquake records could
very gquickly require unreassonable amounts of computer time.
As a compromise, five earthgquake records vere used: El-Centro
1540, Olympia 1949, Taft 1952, Parkfield 1966 and FPecoimas Dam
1971 (more detailed deecriptions of the components used are
preeented in Table 4.1). These earthquakes represent a wide
variety of earthquake types and magnitudes =2 well as site
conditions. All these earthquakes were truncated after 15
seconds; this facilitetes the perametric study and is deemed
acceptable in light of the apparent duration of the
accelerograms. The earthquakes records usged are shown in

Figure 4,1},

The main system parawmeters that wvere varied during thisg
investigation were: the uncoupled period Ty, the ratio of
uncoupled frequencies , the ductility levels msnd the element
yield level combinations. Ten values of uncoupled periods
vere used (0.}, 0.2, 0.3, 0.4, c.e, 0.8, 1.0, 1.2, 1.6 and
2.0 seconds), as vere six ratios of uncoupled frequencies
(0.4, 0.8, $£.0, 1.2, 1.6, 2,0), +tvwo ductility ievels (4 and
8) and four element yield combinations (0.8 Fy and Fy, Fy and

1.2 Fy, Fy and 1.5 Fy, Fy and 2 Fy).
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The ten uncoupled period values are believed +to be
repregentative of most structures potentially affected by
torsional response. It should be noted that the 1.6 and 2.0
geconde cases will undergo very few cyclesg of structursl
regponse when only 15 seconde of earthquake excitation is
caonsidered, and therefore, gome caution wust be taken here in
interpreting the=se results. However, these are also probably
tall structures, vherein exten=ive redundancy tends to induce

an apparent strain hardening.

The six ratiacs of uncoupled frequencies were chosen to
allovw a good digtribution of values around the casge with =1
(traditionally quoted a2 the unfavorsble s=ituetian). The
cage Q=2 was added to extend further the possibility of
studying the effect of +the radius of gyrastion (and mass

moment of inertia) as explained in the previous chapters.

The four chosen yield level differences are thought to
bracket moset of the possible gituastions=s. I+ should be noted
that further increasing the difference between the strong and
weak elementis could lesd to permanent elastic responge of the
gtrong element, and past thet threshold, all greater yield
differences vould produce no change in element response. The
difference in yield levele 1= not intended to represent a
stetisticel variation on the yield level of a8 given material
(although it can be part of it), bhut rather the difference in

yield levels as = direct result from the difficulty
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(impossibility in some caseg) in achieving similar
stiffneases and yield levels. This is especially +true when
the structurel esystem=s used to reszist the lateral excitation
in a given direction differ eawong themgelves, This
difference also implicitly considers the difficulty in
eccurately predicting the yield level of gowe structural
gystems. The cases of "0.8 FY and Fy", and "Fy and 1.2 Fy"
are representative of s smell mismatch in yield 1level, where
the error easlternatively conszist2 of an understrength and an
overstrength. The cases "Fy snd 1.5 Fy”"™ and "Fy and 2 Fy*
represent larger differences {(the possibility of corossing the
threshold where the stronger element would remain elastic was
not explicitly considered), All of +these cases will be
compared to the response o0of the equivalent symmetric case
with vields levels "Fy =and Fy". The intent is not to compare
systems of similar strengths, but rather +to assess how
gignificant vwould be an over ar under-esgtimation of the yield

level of one element.

The esystems studied in this section consisted of two
elements equidisteant to the center of mass. Therefore, for a
unique set of parameters Ty, ! and e/r, a unigue d/r ratio is
produced wvhich allows non-diwmensionality of the strucfure.
Heverthelees, in this wmodeling, d vag arbitrarily chosen as
50 units. Therefore, for the systems under study, there is =
direct relation betveen r, d and @ which simplifies to:

Q@ = d/r = 30/r (specific case) or r = 30/Q



In order to better illustrate the effect of torsional
coupling, it wvas decided that the reaponge of these systewms
should be compared with +that of their eqguivelent symmetric
(SDOF) single degree of freedom systems. Also, to insure =
fair comparison at different period velues, it was decided to
help isclate the influence of the period response by using
uniform ductility levels. Hot having any veriastions in the
ductility levels of the different SDOF systems would insure
that any chaenges in the response aflthe torsionally coupled
systems with +the period could not bhe attributed +to an
underlying wodification in the equivalent SDOF system’s
inelastic response. Thig disagsocietion of the period from
the SDOF’s response allovs observation of how the period as a
parameter in itself affects inelastic torsional response.
Ductility levels of 4 and & were chosen. The ductility level
of four represente the traditional ductility value that has
long been usged by the profession. The ductility of eight
represents an upper bound thet might be considered for some
types of structural sysgstems. Also using a dupctility of eight
for +thie study will allow one to see hovw the torsionally
coupled responge of initially symmetric systems i= affected

by varying levels of excitetion.

Since the gystem= are initislly symmetric (e/r = 0), the
relation between the uncoupled frequencies and the true

frequencies is Trather simple. By simplifying the expreassion
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in Chapter 2, the true frequencies are found to be equal to
the uncoupled translational freguency and 9 timeg the

uncoupled translationel frequency, or in term of periods:

Tl = Tx /Q

Te = Ty vhen ? < 1.0
Ty, = Ty

Teg = Tx ’ when @ > 1.0
Ty = Te = Tx vhen @ = 1.0

with Ty the uncouvpied transletional period.

In mll ca=ses, the only period of system excited before
initielization of yielding is Ty, which is also the period

chosen for the equivalent SDOF sgystems.

The damping was cho=en to be of the Rayleigh type,
arbitrarily set to ZX of the critical damping at each of the
true freguencies of any given system enalyzed. That is, the
mass proportional and stiffness proportional coefficients

vere vecalculated for each set of parameters.

The inela=stic step~by-step +time hietory analyses were
performed uging +the program ANSR (Povwell and Mondkar (1975)

[39]1 & [401]). ANSR wag chosen meinly for its ease of
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incorporating three dimensional models, which will bhe useful
in the later stages of thise study. The time =tep u=sed in
each time history analysis was chosen to be smaller than
T740, where T iz the smallest of the two true periods (the
only exception being for Ty=0.1 sEecends when I=1.6 and 2.0

wvhere T/30 and T/25 were used, regpectively).

4, 2 Procedure Followed

In order to be able to compare the results Lrom the
perametric study described above, the following procedure was

adopted:

1) The single-degree-of-freedaom gystems with the equivalent
periods T. and yvielding at the strese Fy vere analyzed
inelastically. The task vas to find the proper strength
factors for which the stteined target ductilities would
be 4 and 8. The program NOSPEC (Khatib & Mahin [34] and
Mahin & Lin (15983) {33]) was used, and for every

combination of parameters, the strength factor,

n =Ry /7 m Baunx,

wvase estimated {(vhere Buax ise the maximum acceleration

for & given earthqueke record). Since 1in the two

element system the element dimensions Bere unique for a
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given get of uncoupled translstional and rotetional
frequencies (and e/r, but here 31t 12 alvways zero),
either the vyield stress or the earthgquake maximum
acceleration could heve been changed to get the proper
strength factor 4in any given case. For mimplicity, it
vas decided to scale the earthquake as necessgary for

each parametric case.

Cnce, the estrenagth factaore were determined {(and the
earthquake levels calibrated as predicted by NOSFEC),
the SDOF systems were analyzed using ANER to obtein an
mccurate estimate of the ductility demand. All final
ductilities for the SDOF systems anslyzed were between
3.8 and 4.2 when the target ductility was 4, and betveen
7.7 and 8.3 vwhen the target ductility was 8. Thise
represents a deviation of 5X or less from +the targeted

ductilities.

The sawme epystemz were analyzed (using the "fine tuned”
earthqueke levels), but now the unequal element yield
strengthse vwere +taken into account. For each individual
analy=sis, the wmaximum element displeacemente and the
maximum sngular response attained during the vhole time

higtory wvere calculated.

For each analyeis vith unegual yield levels, the new

ductility demands were calculated. One must recail
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Figure 3.5 and realize that the elements were modeled
such thet +the yield displacement &, would always be
directly proporticnal +to the vield stresg (more
precisely, the model was such thet for 8 given geometry,
modulus of elasticity and yield gtress, the yield
displacement vwould =always be the =ame). Although the
yield displacement differse for unequal element yield
stresses, it 1is s8till easy to obtain them back from the
ductilities ase they are proportional to the yield stress
Fv. For ewxample, in the case "Fy and 2 Fv", the strong
element would be said to have a ductility of 1.0 when
its displecement would reach 2%xéy, g8ince &, is the same
for all elements having s yield stress of Fv. A=z this
study is more concerned with damege isBues, the
ductilities wiil be the basis of cowparison, but one
must not forget +the sgerious implicetions of larger
displacement on other issues like non-gtructural damage,
stability (for P-delta effectis), or other parameters

more sensitive to the relative displacements.

The ductilities calculated for each individual case
enalyzed ebove are then divided by their respective
target ductility obtained 1in the equal yield gtress
ceses.  If all the SDOF ductilities would have been
exactly calculeted a= 4 and 8, there wouldn’t really be
a need for thie stage of data manipulation, but as the

targeted ductilities wvere imperfectly matched, this
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additional "aceling” will dinsure 8 proper perspective
wvhile interpreting the data. For example, a SDOF sy=tem
could have reached a ductility factor of 3.8, and the
veak elewent could have only increased to a ductility of
3.95 in the case of unequael yield stresses. The ratio
of ductility fectors would then be 1.04. Although the
variation wmight not be egignificant, it would clearly
indicate an increase in demand. I+ could have been
otherwvise believed that +the *unequal yield case”
regponse was less than the equivalent "equal yield
case®. Therefore, the results are plotted in terms of
.ductility ratios, meaning the “"unequel yielding case”
element ductility factor divided by the "equel yielding

case’ element ductility facter.

&) Finelly, the mean =and mean-plus-one-standard-deviation
are calculated for all response values over the five
earthquakes to provide regults less sensitive to the

particular characteristics of single earthquakes.

To provide an example of how to interpret the results,
let’s assume that for a given period and {{ value, and for the
"Fy and 2 Fy” camse, the ductility retio is calculeted as 2.5
for the wesk element and 0.75 for the strong element (the
gtrong element being defined sz the one with the higher yield
stress) when the target ductility was 8. Interpretation of

thege regultzs wmust be done es follow: The target ductility
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being 8, the ductility in the caee with unequal yielding wmust
then be 2.3 % 8 = 20 for the wesk element, and 0.75 % 8 = &
for the strong element.‘ Since the yield displecement is &,
for the weak element and 28y for the strong element, the weak
element absolute displacement is 20 &+, and the strong

element absclute displeacement is 12 &y.

Another indicator of the occurrence of torsional motion
would be the maximum angular response. This response
parameter {calculated 1in radians) not only indicates the
existence of angulesr wmotion, but alsc illustrates its
severity for 8 given case. Traditionally, the radiue of
gyration times the maximum eanguler moticon hag been used to
quentify the sgsensitivity of the sgystems (as it is the
response value usged in the derivation of the
nondimensicnelized elastic equations). Although 1t is an
indicator of how serious the torasional motion is with respect
with the center of mags, it does not directly reflect the
megnitude of tor=ionel effecte on the elements. Furthermare,
as §1 increames, the radiuas of gyration times the maximum
angular motion will reduce along with T, maeking its
significance more difficult to perceive. In the present case
of a system with both elementz2 having equal stiffinesses and
located at 8 digtance d from the center of mess, the maximum
pogesible contribution of the angular responge to the

digplacement =at the element level can be estimated as the
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ratio of d times the maximum angular response divided by the

yield displacement:

a G'Ax fE&y = QO r enhxféy

For the particular model wusmed in these examples, d is
egual to 50 unite and &+ is equal +to G.12 units. If this
calculated value is large, it can be assumed that the angular
motion is large, although it is not necegsarily in-phase with
the maximum transletionasl wmotion. There is no attempt made
at this stege to estimate +the phese between the angular
motion eond the translational motion. It should also be
obviouse from Figure 3.10b {in the previous chapter) that for
initielly symmetric systemnms, the torsionel mwmotion 1i= a
secondary effect +triggered by firet yielding and further
excited by each yield excursionz of +the sgysotem. The

inelastic deformations are not 8 consequence of large angular

motion in the case of initielly symmetric systems.
Accordingly, large anguler motion here merely reflecte the
large inelastic deformations of the eystem, which the
measured element ductility ratiocs doeg equseslly well, if not
better. it should alsc be emphasized that the wmaximum
angular response, may not necessarily coincide with the
maximum element response, and in thet respect must not be
mizinterpreted or given disproportionate importance. It is
merely an indicetor of the severity of the angular motion and

nothing else. Better indicatore cen be developed to gesuge
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the proportionsg of predominantly torsional and predominantly
rotational motions, but as these become more complicated,
their estimation is not sappropriaste in this stage of

research.

It i8 believed that the ductility ratios of the demands
on each element of +the two-element systems provide the best
quantitative meassure of the damage sensitivity of the
systems. Some results of wmaximum angular response, and
radius of gyretion times the maximum angular response, will
be presented, but the emphasis should remain on the ductility

retio calculations.

4,3 Presentetion of the regults

Since the influence of many paramelers on the elemwment
response are being studied, & three dimensional presentation
aof the results is thought to trangmit =a better conceptual
understanding slong with 8 sgstronger visuel impact. Thisg is
esgpecially true wvhen 8 large number of curves are to be

plotted simultaneously.

The advantage of a twe-diwensional plot mainly lies in
the ability to better read a value off the graph. On the
other hand, 8 three-dimensicnal presentation of the results
allowe simplicity in 1abelling; and eage in vigualizing the

fluctuations in response &glong with parametric vaerietions.
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The major diszedvantage liez in the difficulty in reading
accurate values cff the graph. Figures 4.2 and 4.3
1llugtrate the above discussion. Figure 4.2 congists of a
tvo-dimensionel plot of part of Figure 4.3, with +the

egquivalent three-dimensional plot es an insert.

Since the trends in the response are of primarf interest
faor this part of the study, the hest combination will be to
use three-dimensional graphice in parallel with access to the
exact values of the data. Therefore, the wvalues plotted on
ell three-dimensional greph in this report sre available on
floppy disk (5,25" double density PC/MS-DOS Aformat) for
consultation. Table 4,2 links the data filez to the proper
grephs slong with short descriptions of hov the results are
presented, iile formate, end detailed column descriptions.
Finally, the resulte of the statistical compilations= will be
printed here as they are the most important values for this

study.

Figures 4.3 to 4.7 pregent weak element ductility ratios
when the target SDOF gyestem ductility i=s 4, and far each of
the five earthqueke used in thigs study of initially asymmetric
gystems. Figurees 4.8 and 4.9 illustrate some of the strong
element responses for +the same cases described above.
Similerly, Figures 4.10 +to 4.14 present wveak element.
ductility ratioe when the target ductility ie &. Note that

all graphs in the figure set 4.3 to 4.14 are plotted to the
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same scale with the exception of the follovwing case=: "(0.8 Fy
and Fy” for Parkfield and Taft earthquakes (in the case of
target ductility of 4 only). It wazg not judged necessary to
reduce the magnificetion of =all +the other graphs Just to
insure an uniform scale. The inadequacy ©of the present gcale
for only tvwo isoleted casmes 1 more acceptable than the
overall loss of readebility/eccurescy that could result from a

scale change.

The previou=s results could salseo be rearranged in a
different format in order to include more information on a
single grasph. A direct comperison 312 better achieved by
grouping the results by their type of unegual yield case, or
by their type of ratios= of uncoupled freguencies. Figures
4.15 to 4.27 will present such "global graphs”. To ellovw the
reader to develop familierity with +the new perspective,
results previously presented in Figure 4.10 and 4.13 are

rearranged inte Figures 4.15 and 4. 16.

Finally, statistical celculetions are performed on all
the system response indicetors over the five earthquakes
used. Mean and mean-plus-oné-atandard—deviation results are
presented in Figures 4.17 to 4.24. These graphs are msll to

the same scasle.

. Some effect of angular motion (for +the El1 Centro

earthquake) can be seen from graphs in Figures 4.25 to 4.27.
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The maximum mngular response (for target ductility of 4) is
presented in Figure 4,25, and the redius of gyration times
the maximum angular response 1s presented in Figures 2. 26 and

2.27 (for terget ductility level of 4 and 8, respectively).

Numericel values resgulting of +the statistical analysis
are presented in Table 4.3. These +tabulated values are
important for this part of the study, and having prompt
accege to those will compensete for the siight difficulty in

reading them from the three dimensional graphics.

4.4 Digcussion

Since systeme of different vultimate strengths were
compared, the case "0.8 Fy and Fy" (being wvesker than the
reference system) was expected +to have the more gevere wveak

element ductility retios of all the yield combinations

gnalyzed, Nevertheless, it remains impressive to observe the
rather large magnification of weak elewment ductilities
obtained {e.qg., Figure 4.3), in some instences almost

reaching & value of mix (Figure 4.6). This translates into a
veak element ductility of almoat 24 for the target ductility
aof 4, Thie is hardly e reasonable design ductility. It is
also more than vhat might intuitively be expected for a 20X
underestimation in the yield level of one structural element.

But one wmust neverthele=s realize that the egquivalent SDAF



system with yield 1level of 0.8 Fy (but wusing the same
earthquakes scaling as determined for the Fy yield level)
vould also produce large ductilities, sometimes up to near 17
(in the case of target ductilities of 4) or 25 (in the ca=se

of target ductilities of 8). See Table 4. 4.

In the cases where the strength was superior to the
equivalenp SDOF system, the ductility ratios vere novhere a=z
severe as for the under-strength case= (e.g., Figure 4.3).
Still esome large amplifications occurred, often up to 2.5
(e.g., Figures 4.4 and 4.11), meaning 8 weak element
ductility of 10 or 20 for the respective target ductilities

af 4 and 8,

Al=a, in the cases with over-strength elements, wvhen
Q2 1.0, the weak elewment ductility ratios were increasing
wvith increasing differences in unegual yield levels, despite
the increased ultimate strength of the gystemse (e.g., Figure
4.4 or Table 4.3 A). This ie surprising as it implies that
the added torsional behavior induced by the increase in yield
level differential more than overcomes the benefit one might
agsociate with the increase 1in strength (or balances it in
the best case!. Thus, there i1is no guerantee that increassed
etrength in & gymmetric system decreases ductility. It
should be noted that at some point further increasme in yield

level differentiel would produce no additional change in
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regponze for either elements. This would occur vhen the

gtrong element reaches permanently elsstic behavior.

A special consideration must be given for the element
yvyielding et Fy (i.e. the =trong one in the case *0.8 Fy and
Fy*®, and ithe weak one in the other cases), Thie slement will
always have the same inelastic response 8s the SDOF asysten
yielding at Fy when Q=1.0, end therefore +the element
ductility retioe will always be 1.0 (e.g., Figure 4.14).
This rether interesting phenomenon is explsined in Chepter 5
in greet detail by especializing the equetions derived in
Appendix “A" {(from the i1ncremental anélyais of one step).
For the moment, it will be just mentioned that thi=s fact can

be accurately predicted by theory.

The resulte clearly illusgtrate that larger §§ values
produce larger ductility demands on the vweak element (e.g.,
Figure 4.3) {and accordingly an also lower ductility demand
on the sgtrong element f(e.gq., Figure 4.8)). This can be
explained by the lower resistance to angulsr motion provided
by systemwms with larger @ valuese, as digcussed previously in
Section 3.7. Obviously, thig dincrease 1in weak element
ductility ratics with # is not observed for ell periods when
loocking at +the response under a given earthguake excitation,
Becauge of the particular characterigtice of any gingle
earthquake, the response wmey heve odd localized behavior.

For example, vhen only looking et +the results from the El
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Centro earthquake (Figure 4.3), the trend broke 3 times (out
of 50 pessible bresk pointe) between O=1.6 & 2.0, snd once
betveen =1.2 & 1.& for the *0.8 & 1.0 Fy" cagse. For other
yvyield combinetions (but the =same earthguake), 31 reductions
in response were noticed with increases in  (as compared
with 119 increases in regponse), but most of those reductions
mentioned sbove create non-significant changes in ductility.
The general increase in responee is also not ap important for

these yield combinationz as for the "0.8 & 1.0 Fy" case.

Many mare bresks in the trend can be observed taking all
the other responses for individusl earthquakes one by one.
Nevertheless, one should be more concerned sbout the general
trend 828 revealed by the mean responses for +the five
earthquakes used 3in this study. Tables 4.3 A-F can be
referred to for the fellowing discussion. Note +that because
of the ‘relatively gmall number of earthqusaske records used,
the mean velues should be considered the wmost gignificant of
the results provided by this study (the wmean plus one
standerd deviation being mainly provided as an indicator of
the scatter and for completeness; also note that the standard
deviation is highly drregular for different i velues, being

alvay=s zero for the element yielding at Fy when Q=1),

Nov, there iz obviously more consistency in the trend a=m
8 clear increase in the veak element ductility ratiosg followse

the increases in I (Tebles 4.3 A and 4.3 E or Figures 4.17
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and 4,21). There ere a Ifew decreases from point to point,
but mosgt of +them are negligible (lese than 0.05 for the
means, &nd 0.10 for the mean plus one standard deviations).
Only eight changee on Taeble 4.3A are of higher magnitude
{maximum differences of 0.20 8and =ail occurring wvhen going
from Q=0,4 to 6.8 or Ifrom Q= (6.8 to 1.0, for cagesg
1.0 & 1.5 Fy®" and *).0 & 2.0 Fy"), and no such cases occur
in Table 4. 3E. As expected, more 'exceptions'.are found in
the cases of mean-plus-one-stendard-deviastions (Tableg 4.3 B
end 4.3 F or Figures 4.17 end 4,21), but the trend 1is in no

way Jjeopardized.

The strong element ductility ratios basically focllow the
reverse trend. That 1is element respaonee decresses with
increasing @ (Tables 4.3 C and 4,3 G or Figures 4.18 and

4,22},

In order to evaluate the effect of torsionasl response on
the initially symmetric systemz with unequel vyield levels,
one must first define vhat is a significant change. In that
respect, an element ductility ratio of 1.25 or less ¥will be
neglected in viewv of the genersl uncertainty and assumptions
asgscociated with these analyses. Moreover, +the effect an
design of such a change in ductility (i.e. from 4 to 5 or 8
to 10) i not believed meaningful i1in & practicel sense.
There is8 then a "grey zone" vhere the importance of a change

in ductility can be debeted to be significaent or not, For
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the purpose of +this atudy, chaeangeg of 23% +to S0¥% are
considered of moderate importance, and changes of more than
50% are judged to be of major importance. The reader is in
no wvwey limited by thie dinterpretetion s the tabulated

regults are readily available.

With +the emphesis placed on +the means of the five
earthquakes (differences with +the wean pluas one standard
deviation case will also bhe briefly deescribed), one can

observe the following:

A) The weak element ductility ratios for the case
"0.8 & 1.0 Fy* are always et least of moderate
importance, and often of major importance (Tables 4.3 A
and 4.3 E or Figures 4.17 and 21). Special asttention
should be given to ceses with small pefiods or large {}
values, and most significantly a combination of both,
vhere ductility values can be 2 to 4 +times their target
values (Table 4.3 A or Figure 4.1?). {The same is true
for the case of mean plus one standard deviation with
the difference +that the worst measured ductility values
vere up to 5 times their target ductility (Table 4.3 B

or Figure 4.17)).

B) When the yield level of one element i=s superior to thet
estimated, the veak element ductility ratios are mostly

non-affected until § becomes 1.6 or more (1.2 or more in
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the caée af mean plus one standard deviation). In that
case, there i=2 also =8 elight increese in responee
occurring aleng with the vyield stresgses differentials.
Increages of 100X esre to be expected for lerge  and
large yield level differences (Tables 4.3 A and 4.3 E or

Figureg 4.17 and 4., 21).

The strong element ductility ratios are 8ll less than
1.0, esxcept in the 0.8 & 1.0 Fy came vhere the systems
uitimate strengthe are less than that of the equivalent
SDOF systems, thus making larger inelastic deformations
also possible in the stronéer element (Tables 4.3 € and

4,2 G or Figures 4.18 and 4, 22).

Note that the decresse in strong element ductility
ratios eoccurring with +the increase in the ultimate
strength of the system is partly =2 consequence of the
increase of the yield level of the strong element. As
explained before, the increase in yield level
corregponds to an equivelent incresse 1n the yield
displacement, snd +thus for an egual displacement, @
reduction in +the ductility. A wvalue below 1.0 on the
graph gimply reflecte that gituation; it does nct>mean
that the strong element remaing elsstic, but simply that
it yields less than does the corresgponding SDOF system

vhich yields at Fy (vhich ie reelly no surprise).
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Degpite all of +this, the displacements recorded
vere sometimes= lerge enough +to produce increases in
ductility (e.g., Table 4.3 C). Ampiification of the
ductility demand of moderate importence can be noticed
in the ca=e of low periods (T £ 0.2) and low O velues ({I
a.8). For the ceee of mean plus a%e stendard deviation,
the dincreaseg esre of moderete importance when T § 0.6
and ¢ £ 0.8, and of major importance when T £ 0.2 and

s 0.4 (e.g., Table 4.3 D).

For the other yield cases, the strong element
ductility retios reduce in proportion to the increase in
yield differentiasl. There appearse gtill to be a
tendency towerd reduction of ratios= when @ ie
increasging, but =all changes are of minimal =ignificance

{e.g., Teble 4.3 C}.

The effect of different +target ductility levels is of
prectically no effect. Although +the large element
ductility ratios Bre mostly higher for +the case of the
target ductility of 4, +the difference 1= often not
significant. The ratioz for the target ductility of 8
are seen to exceed those for the target ductility of 4
mainly for moderate levels of ductility increases

{Tables 4.3 A and 4.3 E).

]
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E) Tables 4,3 I-L and Figures 4.26 and 4.27 present the
statistical results {on five earthquskes) of +the
traditional response peremeter: radiu=s of gyration times
maximum angular response. Because of the reduction in
the radius of gyration wvwith the incresse in !, this
response parameter can be very mwmisleading. Ag explained
previously, multiplying these values by O would give a
better dndicstor aof the sgeverity of +the torsiaonal
response. This cen be performed visuelly from the
regulte in Tables 4,3 I-L. The +trends noticed ﬁould
then be practicaelly similar as the ones degcribed in the
case of element ductility ratios. (The increase in
anguler response 8Blong with  can also be noticed in
Figure 4.25, slthough this plot relates only to a single

earthguake record).

Weak element ductility retios are also generally higher
for systemz2 with small periods in the case of "0.8 and 1 Fy”*
{e.g., Figure 4.17). This is expected ss the ductilities of
the eqguivelent SDOF systems have been get uniforwm when
yielding occurs at Fy. The case "0.8 and 1.0 Fy" being
weaker that the equivalent SDOF system, the natural tendency
of short period systems 1o have larger response than more
flexible systems (for earthquakez +typical of the West Coast
of the United Statez) resurfeces. For comparigon, presented

in Teble 4.4 are the ductilities of the SDOF systems yielding
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at 0.8 Fy but subjected to the same scaled earthguakes used
to calibrate the ductilities of SDOF gystems yielding at Fy.
It can be seen hov a 20% reduction in yield level can bring
back the apparent period dependency, degpite the fact it had
been removed for the SDOF systems yielding at Fy. This alone
ig sufficient to explain the large effect of period noticed
in the cese o0of systems with wesker than estimsted yield
levels. Finally, the period haese no significant influence on
the response qf sysetem=s with yield levels larger than their

equivalent SDLOFe.

4.5 Conclueions on the Study of Initislly Symmetric Svstems

The unequel yield levels of initially symmetric systems
will ecreate torsional coupling as a pepecondary response

initieted by the occcurrence of inelastic behavior.

The ductilities predicted by equivalent single degree of
freedom systems= can be dangerously exceeded if the eguivalent
SDOF gystem’s yield level watch the yield level of the
gtronger of the element in the tvo-element sysastem. Large
amplifications can =also be expected vhen the SDOF eymtem’s
yield level matches the yield level of the weaker elewent in
the two-element system and if +the ratio of uncoupled

frequencies () is large (typically & 2 1.2).
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In the cage of =1.0, the eqgquivelent ESDOF system
response ¥ill perfectly metch the response of the element (in
the two element system) with the same yield level as that

SDOF system.

The ocbserved behevior has not been found to be dependant
on the 1level of earthquake excitation (target ductilities).
Also, the pericd of the systens does not affect significantly
the magnitude of the torsionel regponse, escept vhen the
equivalent SDOF system’s yield level watches the larger yield

level of the tvwo element system.

The following design recommendation could be formulated
bagsed on the results of this chapter:

For structural systems with elasto-perfectly plastic
hysteretic bhehavior (other type of systems will be studied in
Chapter 6) wvhere only twoe structural elements are used in
each laterel resisting direction, and vhere the exact yield
levels cannot be =accurately predicted or matched, the
ductility of +the element yielding scooner 1is8 expected to
exceed by approximetely S0) the one predicted for a SDOF with
vyield level egual to the lover yield level of the tvo element
system, if the ratio of the uncoupled frequencies (@) i=
largér than 1.2. The designer expecting to limit the
ductility demend on structurasl membere in +those ceses should

reduce ite target ductility demand by 30X (1/1.5 = 0.67}).
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S. INITIALLY ECCENTRIC SYSTENMS

Although torsional movements are thought to be
respongiblie for the failure of many structures during major
earthquakes, a s=simple method to estimate the 1inelastic
regponse of torsicnally coupled sgystems does not yet exist.
A major reason Jfor this void 1is the lack of fundamental
understanding of hovw inelaestic response of idinitially

eccentric systems ig affected by wvarious parameters.

Other researchers have speculasted that the uncoupled
perieod, the normalized eccentricities and the ratio of
uncoupled frequencies (2) strongly affect response (refer to
Section 2.2 for details), but it seems that these
cobgervations may be strongly dependant on the way the
analyses were performed in each study. The major difficulty
related to the study of initially eccentric systemse seems to
lie partly in the difficulty in finding =8 reliebile
comparetive *"henchmark® (theat is 8an eguivalent torsion-free
system vhose respbnse vould not be sensitive to any of the
parameters thought +to infiuvence +the inelastic torsional
regponse), and on the difficulty of g=etting 8 meaningful
liaison between +the true gystem and itsa "benchmark® (as the
lisizson it=elf may be reesepensible i1in generating perameter
dependency, independently of the pensitivity of the system to

potential torsional wmotion).
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It iz highly desirable for deeign purposges to Ifind an
appropriate *bhenchmark® and liai=zon procedure such that the
prediction of the inelastiec responee of initially eccentric
systems could be safely eachieved zfrom elestic dynamic
analysis and other readily evaileable analysis +tools, without

explicitly performing any inelastic enalysis.

In +this chapter, ef#crts will be made to develop an
improved understanding of the fundawental inelastic behavior
of toreionelly coupled syetems. Then, it will be attempted
to solve these design difficulties by providing a new
benchmerk eyastem &and lieison procedure. The validity of
thege will be assessed by performing studies on simple tvo-

element initially eccentric systems.

5.1 Exact Prediction of Response by Equivalent SDOF for =1

Before going into +the details of hov the parametric
study will be conducted, it ies important to demonstrate how
the inelastic response o0f the vweak element can be exactly
predicted by an equivalent SDOF syatem wvhen the ratio of

uncoupled frequencies eguals unity (I=1,0).

The whole proocf derives mainly from a specialization of

the equetione derived in Appendix A.
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We recell that the Zfundamental step-bhy-step incremental

equation,

Kr¢<t) » Avit) = Ap” (T

wvhen speciaslized for tor=2ionelly coupled system= a=s follows,

—
Ke(t) = ’ K.’ + C, Ki'e?® + B:_)
i Kx’el r BJ K.' b C4 ’
| — e
and,
T i I —"i I —
Ap" t) = 1 Ap, (t) % + F m Ce (L) 1 + , KxCyo (L) l
t Apa (T) ; ’ mr2C; (t) I L~K.C“(t) !
L_._ -t [ — J— 4 d
vhere,
c, = 1 and C, = vy / (8Ar)
BlAt)?

(constants dependant on the Newmark method used)

and where,

Ca = (C, + a Cua) m + b Cg Ki

Co = (Cy, + 8 Cc) m + b Ca Ko

By = b Ce Ku e

Bs =1 / BAt B, =va / 8 Ba = AtL(y/28)-1)a
B: =141 /7 28 B, = vb /s 8 B, = Acf(y/28)-1)b
C.(t) = (Bq"‘B‘ )\‘7‘ (t) + (Bs "'B, bAVA (L)

C' (t) = (B4 "'B‘ )\-’; () + tBs +B7 J(;z (t)

Cioltl= Balu, tt)+evu; ()] + B[V, (t)+eili; ()]
Cy,; €)= B, t(KgE/Kg e, (e)+U ()] + B, t(KxE/K. YO, (t)"'Ga L A |

produced the following result:



fwe®? + C 1 [Byryvz () + Bygri, ()1

~wx® TCe /) (AT, (T) + B,Uy () + B (L] {

mx”mgn’ + C; [w“'-’-u;”] + Cg’ - mg“(e’/r)"

wvhen damping is neglected (without loess of generality).

For completeness, the Av,; responge can also be

calculated, and ig:

I . . . =

&v, = { fwe? "+ C, ITAUG(L) + B,V () + By, ()] [
- Lwx?® "Ce /) fBarUa{t) + Bsri, (L) 1 {

j » > i

i Cwy? "we?” + Cg (u:x" Trwe ® Y) + Cs® - wy*’'Ce’/r) 1 i

 — |

Now, wvhen setting the ratioc of uncoupled frequencies to

unity (1=1.0), one implies:

Furthermore, in the gtiffness eccentric s=ituation of
interest here, Ke = Kyd®, and Ky* = K:’d®*, which directly

results in:t
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Therefore, replacing 8l we®’ Dby wx®’ in the equestions

above, one is left with:

Avy, () = Twx® 7+ C, 1 {AUGCEY + B, ()9 () + By (£)U, (23]

- wx?' e’/ EBJI"\}Q (t) + Byruz2{(t)l

w2 + € 32 - wy* '{e’/r)?

rAV, () = Lwy® '+ Ci 3 [Birvs () 4+ BeyU2(t)]

- wy®’ {e?/r) EAi;‘g(tJ + B4(t)\.7a (L) + Bs (t)(;g, (£l

fwx?®?’ + C; 3% - wy?7Cae’/r)E

N

How, in the case where e < 0, the wveak element resgponse can

be calculsted by:

AVepar (B) = Av, () + AV (L) ag d=r when =1

{Nate thet the follovwing derivation couvld bhe done equally
vell for e > 0 without any difficulty esnd would lead to the
same conclusions with respect to +the wveak element then
laocated on the other side of the structure. Here, since
e <« 0 will be used, e iz 3implicitiy negative wunless forced

positive by the use of absolute values, )

Expanding each terms, one obtainsg after some

gimplificetions:



AVgpag (L) = { AGg(t) + ByUgpsz (t) 4+ BaVUgpar (t) 1

we?’ L 1 + Ce’/r) 1 + C,

vhere the real sign of e’ must be used.

Furthermore, the equation presented in Chapter 2 to
calculate the +two true frequencies of monosymmetric systems,
vhich was:

C2+1) 2 (O 208 +4+4(e/r)= )0 -5
2

Wy 42 = wy?

I

{
|
|
fn

can be greatly simplified for the case f2=1; and becomes:

wx2 {4 - ¢ jef/r ) 1

]

w, 2

mg’ = mxe f 4 + ¢ {lefl/r ) 3

(Note that {el! ie used only to insure that the first wmode is

properly ddentified, independently of +the reference axis

system chosen)

Nov looking et thesme equations, it eappears a good ideas

to define an equivalent SDOF system such that:

Wanop® = w® = we®* { 1 - ( lel/r ) 3
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That is further justified when looking at the equation

for Av,; (t) for 8 SDOF system (i.e. e/r = 0}, wvhich is:

Av, (Claper = Ct.‘.iig(t) + B4\-l‘ Ctlagpor + B,V (tlgpar 3

fwanoer®” + C, 1

Gbviously, when =1, an eqguivalent SDOF system elastic
regponge vwould be gimiler +to +the wesk element response
provided that the SDOF system frequency would be defined as

above,

When the wesk element is tuned to yield simultaneocusly
with the egquivalent SDOF sy=stem, the inelastic response can
also be metched (assuming both systems share the damping
ratio and same element model, i.e. same strain hardening and
yield displacements in the case of the bi-linear element

madel ).

Formally, in order to insure the match one must prove:
waser?’ = wx?’ {1 + (e’/r) 1]
{Recall the prime ( * } implies instantanecus properties.)

To perform the complete proof, one wust check the four

situation= possible for a tvo-element system:
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i Both element remains elastic.
2) The s8trong element alone yields, the weak
remaining elastic.
3} The weak element =alone yields, the =treoeng
remaining elastic.

4) Both elements yield.

Note that the equivalent SDOF systewm’s yield stete is in

phase with the one for the week eiement at all times.

Case 1 is directly proven hy the above derivaetion, as thisg is

element

element

hov the equivalent SDOF system concept has been defined.

Cace 2 can be eagily proven ag folleov:

it

we®’ 1 + Ce’fr ) 1]

€ Ke + Ky 1 + (Kw - € Ke) d

m {Kw + € Kg) r

= Kw + € Keg + Kw - € Kg

™
= 2 Kw = Kvw + Kv + Ks - Ks

m m
= (Kw + Ks) [(Kv + Ks) + (Kw - Ksg)l

m (Kw + Ks)
= wyx ¢ [ 4 + e/r 1

= Wapor? = Wspor® '

{that is both vweak element and equivalent SDOF gystem remain

elastic, ax expected)
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where Kv is the stiffness of the weak element
Ke ig the stiffness of the =trong element
€ 1s the strain hardening ratio
e’ is taken here as positive, so Kv > Ks
(e’ negative vwould also give the same results)

Cage 3 can bhe proven in a similar manner:

wé* {1 + ( e’sr ) 1 € Kw + Ks 1 « (€ Kv - Ks) d

m (€ Kw + Ke) r

€ Kw + Kg + € Kw - K=o
m

H
N
[
m
=
£

€ Kw + Kw + K ~ K=

™ ™

€ w® { L + e/ 1

N

and directly from above

»

e_msbor‘ = wasor®

Case 4 is straight forwvard too:

w2 [ 1 + ¢ e’/ ) 3

€ (Kw + Ks) 1 + € (Kw - Ks) 4
m € (Kw + Ksg) r

= € wy® {1 + er/r 1

’

€ Wapor?® = Wesnor®

Ag sald previously, all of the above 18 true provided
that the equivalent gingle degree of freedom system yields
simultaneously with the weak element, vhich is easily
achieved here as the SDOF sasystem i1is related +to the veak
element by:

s = Kw / (m/2)

Wapor
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The SDOF system can be directly defined by keeping the

same sgtiffneses, tributary mess and yield displacement as for

the weak element. Model s=2imilarity will then be eas=sily
assured.
Therefore, wvhen i = 1.0, the weak element displacement

in the +toreionally coupled syestew i=2 EXACTLY EQUAL to the
displacement of a single degree oI Ifreedom system with a
period equal to the first period of the torsionally coupled
system,‘as long as they share the same element model in the

inelastic range.

The wvwhole approach, degpite not being tremendously
elegant, will prove very ugeful in helping define what should
be considered an eqguivalent &SDOF system for the study of

inelastic response of toreionally coupled systems.

5.2 Procedure for Determining the Eguivalent SDOF System

The difficulty in investigating the effect of various
parameters on torsional coupled systems has already been
mentioned. What would be a2 reliable benchmerk for comparison
purpoges? In particular, iz there an equivelent torsion-free

seystem vhose responge would not be sensitive to any of the
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parameters thought +to influence +the inelastic toresional

response?

It iz judged eppropriaste to compere torsicnally coupled
systems with equivalent SDOF systemwms having e period equal to
the predominantly trensletional period of the torsionally
coupled sy=stem. Therefore, an eqguivalent SDOF =system’s
period will be Bet equal to the first period of +the
tarsionally cogpled systems for £ 2 1.0, and equal to the

second period othervise.

The work of Section 5.1 presented some evidence to
support that deciesilon, although it alone is not sufficient to
justify the gpproach for all O values.

Additional support for this decieion is provided by some
observations an how modal sanalysis tekes into account the

perticipation of each mode in an elastic torsionelly coupled

system.
We recell that the modal diszplacement i=s calculated as:
Ve,nax = (84 La 7/ My) Sd(Z,,Te?

wvhere (24« Lua /7 Mu) 3is8 the participation factor for mode R,



- g8 -
end vhere &, = E‘u:] . N= 1,2 (i.e., mode 1 and mode 2).
L T

Gne wmust not forget that the corresponding degree of

freedoms for torsionelly coupled systems ere (as specified in

Chapter 2): - —-—
Vx
IV,
By expanding, one obtains an expressgion for the

participation factors:

(2, L. / M2

¥
§ Y
~
r~

I + (S, /8,,)0 3
1 7 ¢ (§15/§g;’ ” (§g;/§g|) 1

(B Le 7 M)

[
-
~
~

1 + (S55/8,0)8% 1
i / t (§1e/§qg) + (EQR/E;’) J

Finally, the edge displacement modal participation

factor et a distance r from the center of mass can be

calculated {(for mode N} by

(Edge at rla = (ZFy La 7/ Muds + (Zn Ly 7/ Mulde

and, similarly, the edge displacement wodal participation

factor at e distance d from the senter of mass can be

calculated (for mode H) by:

(Edge at diw = (& La 7 Mads + (d/v)(2nw Lan 7 Mude



Using the mode shepe quantities expressed as & function
of @ and e/r (ae developed in Chapter 2}, all the above
guantities can be easily calculated. The effect of 1 on
these modal perticipation factors is presented in Figures 5.1
to 5.4. Figure 5.1 dllustrates +the model participation
factor’e first component only (this is the one corresponding
to vy} with respect to {I. The second component’s effect
(corresponding to rv,) is plotted in Figure 5.2. The edge
displacement modal participation factor (as defined above) is
plotted in Figure 5.3 <(at distence r) end Figure 5.4 (at

distance d}.

Obvicusly, the final response will be largely affected
by the respective values of the pseudo-displacements Sd
appropriate for each mode. Nevertheless, it is apparent from
the four grephs presented msbove, that for small and moderate
normalized eccentricities {(say, e/r from O tao 0.5), unless Sd
for one mode ie significantly larger than for the other wmode,
the response will be primarily sffected by a s8ingle vibration
mode, except in the close neighborhood of $=1.0. Further,
the dominant mode alvways seeme to be the primarily
tranglational one; +that is, the first mode when ¢ > 1.0 and

the second one vhen § < 1.0.

All these observationg lead to the decision to =et the

equivalent SDOF gystem’s period equal to the first mode of
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the torsionally coupled eystem when 1 > 1,0, s8and to the
sgecond mode when 2 < 1.0, The case = 1.0 has already been
examined in the preceding section, and it hes been
demonstrated, in that case, that the equivalent SDOF systew’s
period must be et to the first mode of the torsionally

coupled system.

Finally, in order +to asseses the validity of +this
decisgion, many time history snalyses vere performed and fully
plotted for varicus combinations of peripds, ! values and
normalized eccentricities (these numerous plots are not
presented here for brevity),. In +those anélyses, the
toreionally coupled displacement histories were compared with
the histories for the equivalent SDOF system in accordance
with a gcaling method to be describhed in the following
sectione. it was ‘found thet this decision on the choice of
period for the equivelent SDOF system wvwas appropriate, most
of the +time providing a responge history response curve for
the equivalent SDOF mystem vhich would clozely resemble the

one for the elements in the torsionally coupled system.

5,3 Choice of Parameters

For reasgons explained in previous chaptere, the bi-
linear elewment with strain-hardening was chosen for this

study. Agmin, strain-hardening was set to 0.5¥% (Egu = 0.005
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E}, making the element model practically elasto-perfectly

plastic. The inter-element relstionship is illustreted in
Figure 3. 5. The reasons for thie selection are explained in
Chapter 3.

Five earthquakes (agasin truncated 1in duration to 15
seconds) were used to insure thet final observations will not
be peculiar to =8 sgingle ground wmotion. The acceleration
records used are listed in Table 4.1 (i.e., the mame ones as

used in Chapter 4).

The maln gy=stem parameters varied during this
investigation were: the uncoupled period Ty, the ratio of
uncoupled freguencies , the target ductility levels and the
normalized eccentricities e/r. The =ame velues of uncoupled
period, uncoupled frequencies and ductility levels as in the
cése of initially symmetric systems vere used; Ty was taken
equal to ¢€.1, 0.2, G.3, 0.4, 0.6, 0.8, 1.0, 1.2, 1.6, and
2.0; Q@ was egqual to 0.4, 0.8, 1.0, 1.2, 1.6 and 2.0; and
ductility levels of 4 and & vere employed. The
Jjustificetions for choos=ing these wvelues ere presented in

Section 4.1 Bnd vwill not be repeated here.

The normalized eccentricitie= e/r wvere chosen as (.1 and
0.3, as theee values wvere judged representative of real-life
structures; they are alsc of +the same magnitude as those

commonly uvesed in previoug 8Btudies, allowing some level of
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comparigon with the other studies. Because gtiffneas
eccentric tvo-element zystems are studied (1.e. center of
mess at distance d <fLrom each element), a better physical

interpretation of +the normalized eccentricities e/r is
provided by calculation of the egquivalent es/d values for each
gystem analyzed; results are presented in Table 5.1. It can
be seen that a wide renge of physicael eccentricities is
gectually cerred by the study. Interestingly, the true
eccentricity becomes the largesxt for the combined case of
lerge /v and low (1. In fact, for the two elements stiffness

eccentric systems snalyzed, e/d = (e/r) /.

As before, the dawmping wvas chosen to be of the Rayleigh
type, arbitrarily set to be 2% of critical damping at each of

the true Ifrequencies of any given system analyzed. The mass

proporticonal and estiffness proportional ceefficients vere

thus recalculeted for each individual enalysis.

The reilation between the uncoupled frequencies end the
true frequencies (derived in Section 2.1.3 and grephically
demonstrated 1in Figure 2.1) 12 used here to calculate the
actual period corresponding to each mode of the initially

eccentric tvo-degree-of-freedom systems under consideration.

The time gtep usged 1in the time history analyses (using

ANSE again) was choeen to be at least less than T/30 of the
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smallest of the two true pericds of each system, but never

smaller than 0.002 seconds or larger than 0.02 seconds.

5.4 Procedure Faolloved in this Analytical Study

The intent of this parsasmetric study is to establish the
relationship between the equivalent SDOF system ductility and
the torsionalily coupled element ductilities, more
specifically to investigate the effect of verious parameters
on the torsionelly coupled element response when the
egquivalent SDOF syetem are calibrated to terget ductilities.
The wey +the lisison between the +true systems and +the

benchmark systems was accomplirhed is degcribed below,

1) The single-degree-of-freedom systems was defined to have
a period equal to the first period of the torsionally
coupled system wvhen 2 1.0, and équal to the second
period of the torsionally coupled system when < 1.0.
Furthermore, the SDOF system wvwas designed to yield at
the same yield displacement &y ag the elements of the

torseionally coupled systems.

Then, in & manner sgiwmilar to the one degcribed in
Section 4.2, the proper strength factors wvere calculated
for each SDOF system in order to attain target

ductilities of 4 and 8 (uasing +the program NOSPEC), and
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3)

4)
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again, fTor siwmplicity, the esarthguake levels were scaled
B necessary for each parametric case. These steps
insured +thet the SDOF =ystem=e were ingensitive +to
variations din ground motion intensity, ag explained

earlier.

{nce +the strength factors were determined, the SDOF
=ystems vere analyzed using ANSR to obtein a more
accurate estiwmate of the ductil#ty demand. Strength
corrections were made if needed to improve the ductility
demands. All final ductilities for the SDOF systems
analyzed vwere between 3.6 and 4.4 vwhen the target
ductility was 4, and between 7.2 and 8.8 when the target
ductility was 8. This represents a deviation of 10¥ or
less from the targeted ductilities, a more liberal
tolerance than the one adopted in the case of initially
symmetric systems. It wes wade necesgary to facilitate
consideration of the much larger numher of SDOF systems

analyzed in the case of initially eccentric sy=stems.

The same eguivalent SDOF systems vere then re-analyzed
elastically, using the earthguake levels needed +to
obtain the target ductilities in the previcus part of

the work.

The torgionelly coupled esysteme were also analyzed

elagtically. Then, for each individual parawmetric cease,



5)

6)

7)
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B new earthquake scaling to be applied +to the
torsionally coupled systemse was calculated such that the
torsionally coupled system’s weak (flexible!) element
elastic response would match the equivalent SDOF system

elastic response.

Ueing the nevw earthgquake scamlings found in the previous
step, the inelastic response of the torsionally coupled

systems were calculated.

For each analysis of +torsionally coupled esystewms, the
new ductiiity demands wvere calculated. Recall that the
maodel cho=sen hed equel yield displacewent for both
elements. Therefore, for this study, sgimilar
ductilities implied similer sbsolute displecements, both
for the wveak and strong element (the strong element

being defined as the stiffer element).

The ductilities factors calculatéd for each individual
case analyzed above were then divided by the ductility
factors obteined from their respective equivalent SDOF
system, Calculation of +the ratio of these ductility
factorzs {(the ductility ratio) waes intended to remove the
veriations dues to the i1inaccuraciesg in calculating the
target ductilities of +the eguivalent SDOF sgystems.
Therefore, all element results vwill be presented in

terms of those "ductility ratios".
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&) The mean and mean-plus-one-sgtandard-deviation were
cailculated for all response values over +the five
earthguekes to provide resulte mostly independent of the

particular cheracteristics of single earthguekes.

This procedure is basically the reverse of a design
logigtic; it is nevertheless adeguate ag the intent i1is to
reveal +the parametric +trends inherent with these systems.
This procedure will further allovw one to verify whether the
equivalent SDOF system method accurately predictes the

ductiiity demand on the torsionally coupled system.

Finally, the maximum angular regponges were also
calculated, mslong with the "maximum possible contribution of
angular responeEe to the displacement 2t the element level” a=s
expreased by +the ratico of d times the maximum angular

respongse divided by the yield displecement:

d Cuax &y = Q Y Ouax/dy
for stiffness eccentric systems with resisting elements
equidistant to the center of mass. For the specific model

snalyzed, &y is equel to 0.12 unite and d equals 350 units.

Nevertheless, it i= still believed +that +the ductility

ratios for each element of the +two-element eystems provide



- 107 -
the best qgquantitative measure of the damage sensitivity of
the systems. Therefore, the detailed results of the maximum
anguiar response and the Mmaximum possible contribution of
anguler response to element displacement” will be only
included on the floppy disk containing the results files (8Bee
Table 5.6), but wwill not be explicitly preeented in this
report. Furthermore, only +the results from the statistical
analysis from five earthguakes will be tabulated herein for

reference.

5.5 Pregentetion of the Regults

Again, three dimensional graphics are used, and the
files wused to  produce the graphics are evaillsble for
consultation on floppy disk. Table 5.& relstes +the dats

files to the proper graphs mlong with short descriptions of
how the results are presented. Also, the mean and mean-plus-
one-standard-deviation results are readily aveilable in

Tables 5.2 to 5.5.

Figures 5.5 to 5.9 pregent +the weak (flexible) and
strong (stiff) element Auctility ratios for equivalent SDOF
system with a target ductility of 4, and for each of the five
earthquakes used in this study of initielly eccentric
gystems. Similarly, Figures 5.10 to 5.14 present the samne

regponse indicators wvhen the target ductility is 8.
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The stetistical analysig results are presented in
Figures 5.135 to 5.1&. All graphe msre formatted to share the
same scale. When individual wvelues sare larger than the
maximum scele of the graph, B8 numerical value is provided to
indicaete up to where the given peak should reach. This was
thought to be more appropriate 1in this case, as the few
extremely high peaks noticed vwould have severely distorted
the graphs should the scale have been adjusted +to include

them.

5.6 Discussion of the Results

By observation of the ductility ratio results, one nmay
directly notice thet for the Q=1.0 cas=e, the numerically
obtained values corroborate the predicted theoretical values,
as all weak element ductility ratios are generally equal to
1.0 (i.e. wealkk element ductility demands= are equal to the

equivelent SDOF system ductility demends (e.g., Table 5.2)).

Nevertheless, one can observe some inaccuracies at
times, as not all weak element ductility ratios are perfectly
equal to unity when {=1. The reason for these imperfect
results has been found to be & consequence o0f small
inaccureciesz in the prediction of the eguivalent SDOF sy=tem

response: the use of & time step of T/30 in the calculation
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aof the SDOF time histories vas found to produce errors of up
to 3% vwhen compared with histories perforwed with smaller
time =teps. A maximum possible error of 3% was thought to be
insignificant {(especielly vhen dealing with ductilities), but
because of +the way +Lthis study progressed, it alsoc meant a
maximum increese of 3% din the earthquake level used in the
time hisgtory analyses of the torsionelly coupled systems. In
e fev critical cases, it wes found that a8 3% increase in the
earthquake level used could inerease the element response by
up to 16% (effects on the mean responge being much less as
seen in Figures 5.2 and 5.4). Because this response
gensitivity wvwas not enceountered often, and because a 16%
variation of ductility 1is still thought +o be relaestively
ingignificant from the perspective of this study, it was not
Jjudged worthwhile +to repeat the znalysis with smaller time

stepse. Therefore, the resulte are left unaltered.

In erder to evaluate qualitstively the importance of the
ductility ratios, the same convention &g i1in the previous
chepter will be mainteined to indicate what i2 & =significant
ductility ratio: an element ductility ratio of 1.25 or less
¥ill he simply neglected in view aof the general uncertainty
in the s8Btructure end <the excitation; ductility ratios from
1.25 to 1.5 are considered increases of woderate importance;

ratios sbove 1.5 are Jjudged to be of mejor importance.
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Because response based on individual eerthguake records
tends to be highly varying es the system parameters change,
it is more appropriate to rely wmainly on  the mesn regponse
from all earthguake recorde usged when looking for trends in

the behavior of +the +torsicnally coupled systems. It 1is

apperent from Tebles 5.2 end 5.4, and Figures 5.15 end S5.17,

thet the element ductility ratios _ are Iindependent of the

uncoupled periods (T.), normalized eccentricities (e/r),

target ductility, snd retios of uncoupled Ireguencies (§1).

This is very interesting ag it means that the method provided
here ig rather unsengitive to varietions in these parameters,
contrary to what other re=searchers have indiceted. - The
method 1ig meinly stable in providing & relisble estimate of
the torsionally coupled system’s element ductilities based on

the concept of an eguivalent SDOF system.

It should be noted briefly +that +the maximum angular

respongse {(and maximum angular response possible contribution

to element displacement) statistical results Ifrom five
earthquakes are also in agreement with +this parameter
independence. These results are not presented here as they

are deemed less meaningful then the element ductility ratios.

The ductility ratios calculated for individual
earthquake records are of caoursge a lot more variable than the.
one measured for the mean responge for five earthguakes. The

ductility ratios can become very large for individual
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combinations of parameters (e.g. Figures 5.7 and 5.12), The
geneitive combinetions also change for different earthquakes,
and no trends have been thus far identified in the occurrence
of those sensitive combinations. This dllustrates that any
design based on the wean response to five earthquakes may
still encéunter a much larger ductility demand than planned
for when excited by =a particular earthguake; this is in no
wvay different +than problems related to the earthquake
resistant design af symmetric structures 1in genersal.
Nevertheless, the mean responge from five earthguake
"excitations should be taken as the meaningful response
entity, as it provides a more ‘uniform indicator of the

severity of the structural responese.

The ductility ratios, as meagured by the mean of
regpeonge for five earthguakes, remain mainly close to unity,
only exceeding a value of 2.0 for the weak element when Ty =
0.4, 9=0.8 end (es/r)=0.3 (Tables 5.2 and 5.4 or Figures 5.15
and 5.17). This di=s a diregt consequence of the unique
extreme ductility ratioc that occurred for the Pacocima Dam
earthquake for +this same =set of parameters (Figures 5.7 and
5.12). Should the Pacoima Dam contribution at this
particular point bhe removed, the meen for the weak element
responge would drop to 1.39 for target ductility of 4, and
1.05 for target ductility of 8. Cther than this perticular
point of unusually high eensitivity, the mean weak element

regponse exceeds 1.3 only in five occasionsg (the maximum
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value beding 1.7}). Thie i= extremely satisfying as it showvs
the predicted increase in ductility from +this method to be
moetly of moderate importence. A congervative strategy would
be to plen for =a veak element ductility ratio of 1.5, and a
strong element ductility ratio of 1.0 (although when (=1, =

veek element ductility of 1 cen be used, of course).

At times, the method can also be seen to be rather
consgervative, If one defines ductility ratios of 0,75 and
less to be moderastely conservative, then one can notice that
these points occur for the weak element for (e/r)=0.3 when
$=0.4 and T,$0.3, end when £=0.8 and T, =0.1, for both target
ductilities (Tables 5.2 and 5.4), m= well as for the strong
element on & reguler basig (Figures 5.16 and 5.18) (except
maybe for long periods and low e/r wvalues). Thie
conservatism in veak element response, besides being
infrequent, is by no means excesgive, and surely does not
invalidate the equivalent SDOF gystem method. In fact, for
comparizon purposes in thaose particular cases, if +the
initially eccentric system had been excited +to the same
earthquake level needed to produce a ductility of 4 for the
equivalent SDOF system (instead of scaling the earthguake to
match the inelastic response g8 explained beiore),r the
resulting responses vould have been excessively
unconservative, For example, for the N-5 component of the
1940 El Centro record, the case Ty=0.1, 0=0.4 and e/r=0.3

which reegulted in & conservative ductility of 2 <for target
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ductility of 4, would reach a ductility of 13.5, if the
motion was not scaled to metch the elestic response. Some
ductility ratios obteined with and without +the proposed
scaling methodse ere briefly compared in Table 5.7 +to
iilustrate the advantage in performing the appropriate

matching aof the elastic response.

Although no particuler trend can be observed for thé
strong element, it ie notable that some ductility retios are
extremely conservative, especially for eystem= with short
periods and high err ratio (Figures §.16 and G5.18).
Nevertheless, the malin concern here being the wesak element’s
behaviar, conservatism in the strong element response is not

regerded negatively.

Mean-plus-one-standard-deviation results have been
provided mainly for the purpose of completeness, and to
illustrate the often large digpersion of the results (Tables
5.3 and 5.5 or Figures 5.15 to 5.18 Bottom). A conservative
strategy based on the mean-plusg-one-gtandard-deviation would
indicate to be more appropriate a wveak element ductility
ratic of 2,0 (except for the special cage of =1 vhere a
retio o©of 1 isg acceptable), and a strong element ductility
ratic of 1.0 vhen §21.0, and 1.5 othervise. Nevertheless,
one sghould be careful in using the resulte for mean-plus-one-
standard-deviation values obtaiﬁed from only five earthquake

records,.
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5.7 Suggegted Method to Use +the Eguivalent SDOF System

Concept

Obvicusly, the concept of an eguivalent SDOF system can
be potentielly wvery useful 1in design. Although there
apparently iz no easy wvway to obtain an EXACT match of the
veak element displacement vith & meeningful eguivalent SDOF
system for all velues of 4, it has been shown in the
preceding section that +the proposed method can provide =
relatively accurate prediction of the initially eccentric

gystem’s element ductility fector.

It will now be 3dllustreted hov the equivalent SDOF
system procedure can be used, in & design approach, to

predict the inelastic response of torsionally coupled system

A degign engineer using dynamic elaestic analysis tools
(like elastic response gpectrum mnmethoed br time history
enalysis) mey easily calculete the elastically predicted
response for the weak element. It is supposed for simplicity
(for the +time being) that the calculation ie performed for a
single ground motion; let this calculated elastic response be

caliled Ry.
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The elestic response of the equivalent SDOF system can
be read from an SDOF elastic response spectrum (readily
available <for most earthquake records): let +this SDOF

response be called Rgposr.

In order to match the elastic response of +the wveak
element and of the equivelent SDOF system, the earthquake
applied to the equivalent SDOF gystem should be =scaled by

Ru/RiDOF-

It 1= now poseible to obtain & prediction of the
ductility demend on the equivelent SDOF system subjected to
this corrected earthquake level by consulting i1inelastic
response spectra. Some of these spectra are presented by
Mahin & Lin [331. It 3is relmstively straight forwvard to
calculate guch spectrsa for particular records using standard
numerical analysis procedures. Moreover, where conditions
permit, simplified wmethods for deriving smoothed inelastic
design response spectra may be eaepproprieste (Newmark-Hall
[421). It is understood that like elagtic responge spectra,
inelastic response sgpectra need only be constructed once for
each combination of earthquake, damping and element model.
Single earthgquake or multiple earthqueke spectrs can also be

constructed.

0f couree, the element model for the gingle deqree of

freedom must match the one for the wesk element of the
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torgsionally coupled system (vhich vwould herein imply & bi-
linear model vith =ame yield displecement and strain
hardening). One must not forget thet so far, the findings
are limited to the type of inter-element relationship studied

herein.

It is then straight forward to calculste the strength

ratio, defined as:

n = Re /' M Brax vhere awesx 15 the maximum earthguake

ground accelerstion,

and read the ductility demand for this equivalent SDOF system
off the inelastic response spectrum. if =1, this equivalent
SDOF system’s ductility demend can be assumed equal to both
the weak and strong element ductilities of the torsionally
coupled system; cthervwviee, a conservative weak element

ductility should be estimeted as being possibly 50X larger.

To provide a8 concrete illustration of the above
procedure, an initially eccentric two-element structure is
analyzed having the set of response parameters Ty=0.2, a=1
end e/r=0.1. For this system, the two true periods are
T,=0G. 211 and Tg=0.191. The element model is bi-linear with
0.5% strain hardening, and damping ie 2% of critical. The
vield displacement of this system is &y=0.12 inch. The 1540

El Centro earthquake (N-£ component) wes scaled to a pesk
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acceleration of 0.4 and ean elastic dynamic time-history
analysis vas performed; the resulting edge displacement for

the wveak element was (0.43 inches.

Then using an elastic responge spectrum for this
earthgquake component (Figure S5.19) with =an actual peak
acceleration of (.348g, the pseudo-displecement for the
eguivalent SDOF system (with period Teisos=0.211) was found to
be Sd=0.35 inch {of course, thet much accuracy cannot be read
from the spectrum itself, but 1is8 easily obtained by
interpolation from +the tabulated wvalues of the pseudo-

displacement, which 1= equelly eccesesible).

In order +to match the weak element elastic displacement
vith the equivalent SDOF system, the earthquake used in the

equivalent SDOF concept must be scaled as:

Wesk element displacement = (0.43 = 1.23
Sd from equivalent SDOF 0. 35

Therefore, the peak acceleration for this equivalent

SDOF becames: 1.23 % 0,348g = 0.428g = 165 in/s*

Then, using the same yield displacement of 0.12 inch for
the equivalent SDOF gpgystem, the strength level can be

egtimated by:

n= __Ry = _K &y = wepor® _by = 886 (0.12) = 0.63
m Buanx m Buax Buanx 165
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Finally, resding from the constant ductility response
spectre of Figure .20 <(vhich has been derived for twvo
ductility levels, 2% damping and bi-linesar model with 0, 35¥%
strain hardening), one can see that for a period of 0.21i1i and
a strength ratio aof 0.63, the ductility demand on the
equivalent SDOF sgystem is approximately 4. Since 9=1, it can
be sssumed thet the eccentric eyetem’s veak element inelastic
response will alsgoc be 4, end the strong element’s response
ghouldn’t exceed 4 either. This 18 correct, as the true
calculeated inelastic weak element response i= 3.9, and strong

element response 1is 3.7.

Ezpecially in the cese wvhere Q#1, it would net be
adequate to use only =8 single earthquake record for design
purposes. Nevertheless, for expediency here, only +the El
Centro earthquake record will be considered. Following the
same steps as above (element modeling, damping ratio, yield
displacement are alsoc the same), the inelastic element
regponse can be predicted for the system with parametEfs
Ty =0.2, 1=2 and e/r=0.1 (true periods T;=0.20 and T.=0.10),
vhere +the 1940 N-5 El1 Centro peak acceleration is nowv
arbitrarily scaled to O0.46g. The weak element eléstic
dynamic responee is calculated as 0.50 inch. The pseudo-
digplacement from Figure 5.19 ie 5d=0. 36. The earthguake
gcaling for the eguivalent SDOF system becomes 186

inch/sec.?. The estrength ratio i1is now 0O.64, and the
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predicted ductility (from Figure 5. 20} is again 4.
Nevertheless, since 2 i not equal to unity anymore, it hes
heen shown to be conservative +to increase by 50¥% the
predicted weak element value. The estimated weak element
ductility i1 then 6, and the estimated strong element
ductility remains 4. This is adequate, as the calculated
setrong and weak element ductilities for the initially

eccentric system are respectively 5.2 and 3.0.

In order to dillustrate the methodology, only one
earthquake excitation has been used. In a true design
procedure, it is essential that many earthquake records be

included.

For design purposes, the steps in the ebaove proces=s can
be interchanged to produce the required strength for e
degired ductility level. Thus, the earthgqueke scaling factor
vould be determined as before. Nonlineer response spectrum
would be used to determine n for &8 target veak element
ductility. For conservatism a velue 1/1.353 to 172 times
smeller than the desired ductility should be used. With the
scaled earthquake peak acceleration and n value, the required

yield displacement can be obtained directly.
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2.8 Conclusions of the Study of Initielly Eccentric Systems

In order +to investigste the effect of different
parameters on the torsional response of initially eccentric
ey=tems, meny casges of initially eccentric systems wvere
analyzed and compared with equivalent SDOF systems, The
eqguivalent SDOF systems vwere defined 3dn = way that was
thought to be useful in the perspective of elastic dynamic
anelysis. A methodology has been proposed to perform a
meaningful liaison between the equivalent SDOF system and

corresponding initislly eccentric system.

For elasto-perfectly plastic hysteretic element models,
it wes found +that +the equivalent SDOF system provided a
reliable way to predict the inelastic re=sponse of structursal
elements in &8 tvwo-element system. Contrary to what has been
found by other researchers who studied +this problem from
other approaches, the proposed methad is not affected by the
level of excitation (target ductility level), ratio of
uncoupled frequencies 1, uncoupled period Ty, and normalized

eccentricities (e/r).

In the case of 0=1.0, the eguivalent SDOF response will
perfectly match the wesk element response of the initially
eccentric eystem (provided +the yield di=zmplacements are

gimilar). A formal proof has been developed.
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For other values of @, it was shown that the ductility
ratios obtained by the proposed eguivalent SDOF method
(methodology explained in Section 5.4) are often close to
unity in the case of wmean response TIfrom five earthguake
excitations, with @& consgervative design value to be taken as
1.5. It 1= vunderstoeod thet response under a single
earthquake excitation may strongly differ from +the one
predicted using the meen response from five earthguake, the
same way this can also be expected in the case of symmetric

structures.

A proposed design procedure, relying mainly on elastic
analysis and readily available simple design tools, has been

proposed.
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6. EXTENSION OF INVESTIGATION TO MORE_ELABORATE CASE STUDIES

Using relatively sgimple structural and element models,
several basic concilusions were developed in Chapters 4 and 5.
In +this cheapter some more complex structures will be
investigated. In particular, results will be obteined to
verify whether those previous findingse remain valid. Rather
than performing a comprehensive investigetion of all the
poesible veariaebles (number of stories, number of elements,
element wmodel, structural configuration, etec. ), it was
decided +to espprosch the problem in a case-study manner by
studying those variations individuslly uging a common

reference cese as 8 benchmark.

&.1 Single Story Multi-Element Systems

In =211 of +he prior analyses only two lateral losd
registing elements were considered. The reasons for this
vere discussed in Chapter 3 as were some of the problems with
generalizing results obtained with multi-element models. in
this section, selected analyées of the +typese performed
previously will be run nov considering =system= vwith up to
eight laterel load resiasting eiements. for all of the multi-
element cases considered here, the hysteretic bi-linear wmodel
with O0.5% s8train hardening wvas adopted and the slab was

conetrained to be rigid din-pleane +to ingure two dynamic
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degrees-of-freedom, Damping was again of the Rayleigh type
set at 2X of critical for each systems’s twoe vibration

periods.

6.1.1 Initially Symmetric Sygtems

The reference cases used for the initially symmetric
multi-element systems had uncoupled +translstional periods of
Ty=0G.4 (no eccentricity of course), end vere subjected to the
N-& component of the 1940 El1 Centro earthquake scaled to
produce =a target ductility of ‘4 on the equivalent SDOF

system.

The initially symmetric tvo element Bystems revealed a
trend for the weesk element response to increasge along with
the reatic of uncoupled frequencies fi. So, the chos=en
reference system was the "1.0 Fy and 1.5 Fy”" case with @
values of 0.4, 0.8, 1.0, 1.2, 1.6 and é.o. For these cases,
the weak element ductility ratios were 0.84, 0.90, 1.0, 1.235,
1.80 and 1.94, respectively. These results are compared with
those for multi-element systems having various juxtaposgitions

of element yielding at these two levels.

The combhinations investigated are shown in Table 6.1 and
consiagt wainly of a single +transgition from a group of

"strong® elements to a group of adjacent "veak" elemente.
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The primery veriaebles were +the total number n: elements and
number of elements in esch group. Combinetions with
increased number of trensitions from sgtrong to weak elemente
vere not studied. Despite the fact that some of the examples
explored were improbable, the chosen set covers a wide

gpectrum of multi-element initiaelly symmetric systems.

All multi-element initielly symmetric systems studied
vere symmetric with respect +to the center of mass, meaning
that each element on one side of the center of mass had a
equidistant counterpart of same stiffness on the other side
of this center. Within this limitation, systems with equally
spaced elementzg of equal sgtiffness were studied, as well ss
more general s=systeme with unequelly egpaced elements of

unequal stiffness.

The weak element ductility ratiocs for the multi-element
system with equally spaced elements with equal stiffness are
presented in Table 6.1. The weak element considered here of
course is the edge wveak element. The results for the
equivalent twvo-element system= s8re insgerted in the upper
right corner of the Table for comparison purposes. The
strong edge element ductility ratios are gimilarly presénted

in Table 6. 2.

As expected, the wveak element ductility ratic i1s not

unity anymore vhen (=1; even though the multi-element
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system’s response would be the game elasticelly. Follovwing
the first yvyield excursion, the idinelastically initiated
rotationael motion will force +the various elements along
different hystéresis loops, therehy violating the conditiaons

for the responeses t1to be identical.

It can be observed from Teble 6.1 that the wveak element
ductility ratios obtained for tvwo-element systems are very
similar to +the ones for multi-element gystems with equally
spaced elements of equal stiffnesses. For low ! values, the
results are wvery similar, and for high 92 values, the two-
element systems’s results are conservative in many insgtances.
For most multi-element combinations, the differences betveen
ductility retios for wmulti-element and tvwo-element systems
are not significant. The response variatione from equivalent
mylti~element systems (4, &€ and & elewents) were even less
noticeable than vwhen going from =a two-element sgystem to =
four-element system. For =all combinaticens, the trend of
increasing weak element ductility ratiosg with increasges in Q

remained visible.

Invegtigation of multi-element systewme vith non-equally
spaced elements and/or dissimiler stiffnesses wvas performed
on four-element systems only (in light of +the mostly
invariable response Ifrom equivalent multi-element systems
with different number of elemenis). The element distribution

({location and stiffness) was conetreined to be symmetric
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around the center of mes=, and all eilements yielded at 1.0 Fy
on one side of that center (vweak side), and at 1.5 Fy on the
other side (strong side). Therefore, &n ocutside stiffness K,
and distance D, as well as en inside stiffness K; and
distance D, could be defined. A unique combination of K, /K.
and D, /D, (mlong with T, end  of c¢course) corregponds +to a
unigue system {(geometricelly non-dimensionalized as explained

in Chapter 3).

For mll six values of 10, three different spacing vere
investigated slong with seven different stiffness ratios.
The resulting veak element ductility retios =are tabulsted in
Table 6.3 f(outside (i.e. edge) veak element) and Table 6.4
(inside weak element). The resulting strong element
ductility retios are not presented here. It must be reslized
that D, /D; =3 is an equally spaced element system, and K, /K. =1
is en equal stiffness distribution system. Systems with
D, /D=4 have the tvo inside elements closer near the center,
while D, 7Ds=2 esystems have their inside element= more towerd
the edges. Large K, /K. valueg represent systems with stiffer
element on the edges, vhere small K, /K. values produce Jjust

the opposite.

From Tables 6.3 and 6.4, it 1is clear +that gystems with
stiffer elemente on the edge are rather insengitive to the
D, /D Band K, /K ratios, wvith the outside wveak element’s

results being practically similer to what was obtained in the
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cage of equally speced elements of eguel stiffnessges. On the
other hand, sygtems with more flexible elements on the edge
are greatly sffected by the stiffness ratio ¥; /Kg; very low
ratiog of 1/16 produce the largest increase in outeide and
ingide weak element ductility ratios, especially for large O
values (melthough +the inside vweak element seems prectically
unaffected by K, /K. for 0 less than unity). The D, /D ratio
mainly affects +the inside weak element’s response vhen 9 is
large, althuugh the maximum effect is lems than 40% in the
worst situation. The D /Dy ratio is seen to produce even
lege significant responge wvariations on the outside weak
elewent, at mogt slightly affecdting the zone of combined

*lovw §1 and high K, /Ke: " and of "high { end low K, /K. ".

When compared with the +two-element system ductility
ratios, the ingide veak element results are mainly
caonservative, wvhere as the outside wveak element results grow
from conservative (for high K, /K. } to glightly unconservative
(for lov K, 7K. ). Magnifications of more than 25% from the
two-elemnent reference cases start to occcur from K, /Ko =1/8 and
reaches up to &60% in Bome instances. Since the ductility
ratios vere elready high far large i, additional
amplifications in +those ratios couvld eventually become
seriously detrimental to the behavior of those edge elewents,

and in that respect, excessively small K, /K, ratios should be

evoided.
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6.1.2 Initially Fccentric Systems

The reference cases selected to investigate initially
eccentric systems had an uncoupled translational period of
Ty=0.4 and =a normalized eccentricity of 0.3. These were
subjected to the HN-£ component of +the 1940 El1 Centro
earthquake scaled +tc produce a target ductility of 4 on the
equivalent SDOF systems. Again, for consistency, gix @
values (0. 4, .8, 1.6, 1.2, 1.6 and 2.0) were used for every

system studied.

A wide variety of gtiffness distributions wvere
coneidered (Tables 6.5 and 6.6). A linear stiffness
varigtion dg first studied with three different regular
geometric configurations for four-element systeme, and one
configuration for six-element systems. All of these have
equally spaced elements. Then, single-step and double-step
stiffneszs varistionz were studied an four element system=; a
single-step veriation implies that =811 elements on a given
side of the center of mass have the same stiffness (the value
differs from side +to side), whereas 8 double-gtep change
meang that one outside element has a high stiffness value,
the other one has r lov stiffness value, and both inside
elements have the mame median value. Finally, a single four-
element cese of totally irregular stiffness and geometric

digtribution waes sanalyzed; the configuration chosen is
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i1llustrated in Table 6.6 (it represents an odd structure
vhere the mass and stiffness variations along the length
would be opposed, creating a rather severe case of
eccentricity). All multi-element initially eccentric systeme
studied vere geometricelly symmetric with respect to the
center of masg, such that each element on one side of the

center of mass had an equidistant counterpart (of different

gtiffness) on the other side of +thise center (except for the
totally irregular case, of course). Thesge multiple snalyses
vere expected te cover a wide range of conceivable
structures.

The wmethod described in Chapter & was used (i.e.
matching of the maximum elastic displacement of both the
equivalent SDOF system and the eccentric system’s edge weak
element in order to provide appropriate SDOF =trength ratios)
and the resulting edge element ductility ratios were
computed. The equivalent SDOF element wmodel was intended to

match the one of the edge weask element.

Element ductility ratios thus obtained are summarized in
Tebles 6.5 and 6.6. Variationa from one +type of stiffness
distribution to the other do not produce mignificant changes
in the ductility ratiocs (one must/ remember.that it is not
implied that =11 those gyatems have the same edge response,
but only that, wvhen compared +to an equivalent SDOF =ystem

baged on the previpusly explained mwmethod, the ductility
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predictions seem to have a consistent level of accuracy).
Further, wvhen compered to the reference tvo-element systenms,
it ds observed +hat +the number of elements does not
significantly affect +the megnitude of the ductility restios.
An increase of ductility ratio of sapproximetely 25% is the
highest amplificstion ocbhserved for regularly spaced elements.
For the totally irregular four-element system, the
digcrepancy with the reference system is somevhat larger, but

is by no meens exceptional in itself.

Therefore, it appesrs that the conclusions of Chapter §
may be eqgually sapplicable to single story multiple-element

systems.

€.2 Variocus Element Models for Single Story Systems

Up to this point, 2ll analyses conducted have relied on

-1 bi-linear hysteretic madel {with O.5¥% deformation

hardening). It iz therefore appropriate to investigate the
effect of different element model on torsional coupling. To
do this, tvwo different brace models vere chosen: 1) A sinmple

brace model that allowse yielding in tension and elastic
buckiing in compression (See Figure 6.1 and Mondkar & Povell
£391); 2) A more complex physical brace model that is= capable
of better repregentation of the true behavior of braces (See

Figure 6.2 eand Tkede & Mahin [3531). All structurel elements
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considered consisted of pairs of opposing wodels representing
X-braced frames {with bracez not connected in their mid-

point).

The reference sget for the ce=2e sgtudy 1= =again Tx=0.4
(e/r=0.3 for initielly ececentric case), 2% damping, a target
ductility of 4 for the equivalent SDOF systems, and the N-2
camponent of the 1940 E1 Centro eartﬁquake. The usuel six

values of @ are considered in each situation.

6.2.1 Initielly Symmetric Svstems

€.2.1.1 FElastic Buckling Brece Element

Foar the "elastic buckling® type of braced frame, the X-
braced frame model’s hysteretic relation becomes more
complex. Typical hysteretic loaops are presgented in
Wakabayashi (1986) {681, The yield dieplacement was taken as
the value at the onget of <first yielding of the brace in
tension under =2 monotconicelly increasing loading. Frames
vere cansidered of equivalent strength, if the gum of the
strengths of their compression and tension braces vere equal,
vwith the idimplicetion that thus defined equivalent frames
would not necessarily have the =ame yield and buckling
displacements. Consequently, torsional coupling could be

intreoduced in an initially symmetric system with twvo frames
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of equivelent strength. Nevertheless, it was decided to
combine elements +to produce systems having one frame 350%
strongery than the other iIn order to allow sowme level of

comparison with the tvo-element *1.0 Fy and 1.5 Fy" case.

Three weak element combinetions, representing different
levels of slenderness, vere investigated: 1} Yield sand
buckling at Fy; 2) Yield &t 1.25 Fy and buckling at 0.75 Fy;
2) Yield at 1.50 Fy and buckling at 0.5 Fy (the yield
stresses are useful as strength indicators here since the
geometry and areas are the same for all braces studied’. To
each of these "veak element® combinations were matched three
different "=strong element® combinstions whose yield and

buckling levels are presented in Table 6. 7.

Ductility raticse =are celculated by comparing the "vweak”
and "sirong® element ductility demands with the respective
equivelent braced freme SDOF ductility demand. Note that the
earthquake levels found in the case of the bi-linear
hysteretic element were not applicable (these produced
ductilities exceeding the terget ductility by fectors of up
to 3 or more. Scaling +to the proper target ductility of 4
had to be redone for this new type of element. It wmust also
be well understood +that each ductility ratio involved @
comparizon between an initially symmetric tvwo elewment braced

frame of the +type described above and an equivalent SDOF
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braced frame with yielding and buckling 1levels identical to

the weak element in the initially symmetric system.

From the result=s in Table 6.7, it 4is difficult to
perceive a8 clear +trend, although larger $ wvalues produce
larger ductility ratios in generel. There is apparently a
very slight tendency of the weak element to have a larger
responge when the strong brece is more glender (i.e. yields
in tension at higher stress 8along with earlier buckling).
Howvever, becamuse of the way the equivelent braced frames were
definecd, one should refrein Ifrom any attempt +to identify
vhich setse produce the most gensitive combinations. Rather,
the emphasis here 1g placed in demonstrating the relatively
minor sensitivity ef the initially symmetric systems to

various strong element constructions,

Iin line with the terminology defined in Chapter 4, the
ductility retios can be said to be of moderate importance,
except for an occasional value here ana there (alweyse when
is above unity). Notebly, the weak element ductility ratios
are all unity when (=1, ag already demonsgtrated Ifor two-
element systemg =sharing sgimilar element models with their

equivalent SDOF sgystem (vwhich is the cese here).
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6.2.1.2 Phyeical Brace Element

In the case of the physical brace model, the element
model relation <for the X-Breced frame is mgain very complex
and largely dependent on the slenderness rstic of the braces.
There iz a8 great number of differences betvween the physical
brace mcdel and the more simplistic model presented before.
It is beyond +the scope of this study to provide detailed
explanations regarding the X-braced behavior. Fer more
information, the reader unfamiliar with this material should

consult Wakabayashi (1986€) {68) or Mahin & Ikeds (1984) [{351.

It should be noted that even under wmonotonically
increasing loads, the capacity of +the compression brace
deteriorates so that it carries much less load than its
buckling load when yielding occure in the tension brace.
Therefore, the concept of frames with equivalent strength
used in the preceding secticon is not applicable here. It was
therefore decided tc =simply investigate one simple case of a
twvo-element system with dissimilar braces. Structures hsaving
digsimilar braces are often created when the design engineer
uses a esingle strong X-braced frame ot one end of a building
and two smaller X-braced frameg at the other end. Although
it ie possible using elastic analys=is wethods to calibrate
the brace stiffnesses such that the structure is symmetric,
the inelastic saction starting to occur with brace buckling

will induce torsional motion in this structure.
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Here, the weak element ie defined as yielding at 1.2Z5 Fy
and buckling at 0.75 Fy, whereas the sgtrong element vas set
as yielding at 1.5 Fy and buckling st 0.5 Fy. The post-
buckling 1loss in compression capacity being found to be
rether repid, the frame with breces vyielding st 1.25 Fy was
indeed found +to have =8 lower ultimaete strength for a given
displacement. Nevertheless, thie example peoints to the
difficulty in defining the weak element in some instances,
and to some of the problems assococisted with torsion in

strength deteriorating systems.

To use the physical brece model, the =slenderness ratias
vere calculated +to produce the desired buckling stresses
(KL/x of 103 f£or the weak element, 128 for the strong
element), and other brace properties vere determined to model
buckling aleng the vweak axis of a typical wvwide-flange

section.

The level oI'earthquake excitation is adjusted such that
an equivalent X-braced frame SDOF system (made of physical
brace element yielding at 1.25 Fy and buckling et Q.75 Fy)
reachés a target ductility of 4. Thereafter, the initially
symmetric system described above 1is subjected to the same
earthquake excitation. The resulting ductility ratios are
presented in Table 6.8, It must be emphasized again that the

level of excitation needed to reach the target ductility of 4
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is much lover for the physicel braece element than for the bi-

linear hysteretic element.

As observed in Table 6.8, the sensitivity aof +the
ductility ratioz for +thise +type of element model is very
similar +ta +that noted in Chepter 4. However, in this
particular case no trend with € can be noticed. 0f course,
generalization sghould not be made from thisz single set of

analysis.

Here =again, the peak weak element ductility ratios are
mostly  representative of magnifications of moderate
importance. Therefore, the element model sgseems to have no
major influence in the predicted ductility demand of
initiselly symmetric systems as long as the comparison is

performed with the proper equivalent SDOF element model.

6.2.2 Initielly Eccentric Systems

Ag for =211 other initielly eccentric systems, the
tcrsionally coupled resulte are compered with an equivalent

SDOF esystem with 8n  identical element model, Thig is

impartant as braced frames can often be wore =ensitive than
bi-linear hysteretic systeme (in some cases, the physical
brace element reached ductilities more than 10 times the ones

attained for the bi-linear hysteretic model under the =same
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level of ecarthgquake excitation). Clearly, the intent here is
to compare a torsionally coupled smystem with it’s equivalent
SDCOF system such that the'true contribution of the coupling
caen be ewxtracted. Recsll! that &an 1initiasally eccentric
system’s egquivalent SDOF system has 8 period equsel +to the
predominantly translational period.of the torsionslly coupled
system, = force-displacement relationship ddentical to the
one for the wvweak element in the coupled system, and i=
subjected to 8 different earthquake level such that its
elastic displacement will metch the one for the weak element

in the coupled system.

Inelastic response spectre for X-braced frames (as well
ag for other complex models) are not commonly available,.
They are also sengitive to modeling uncertainties.
Therefore, use of the proposed method in a preliminary design
stage will reguire considerebly more effort end judgement on

the part of the engineer.

6€.2.2,.1 Elastic Buckling Brace Element

In the case of initially eccentric systems with elastic
buckiing brace element models (corresponding ta X-braced
frames) the same three yield combinations described in

Section 6.2.1 vere used with the exception that nov both weak
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and strong elements yield and buckle at similer levels (again

interpreted in terms of s=tresses).

From Table 6.9, it is apparent that the scaling method
applied +to +the new element model preserves the parametric
ingensitivity firgt observed in Chepter 5. Results even tend
to be more clustered around the ductility ratio of 1 than for
the reference two-element hysteretic =system, althocugh one
single set of parametric veriation is dnsufficient to

generalize this observation.

The conclusions of Chapter 5 seems egually applicable to

the case of tvwo-element system= with X-braces wmodeled with

electic buckling wmembers.

6.2.2.2 Phyeical Brace Element

For initielly eccentric saystems with phyesical brace
models used for +the X-braced <Lframes, enly +two vield
combinations were investigated: intermediate (KL/r = 103) and
lerge <(KL/r = 128) slendernesas. 0f course, here, both
elements ghare the sawe sglendernesz in any given case. These
regpectively correspond to the *Yield = 1.25 Fy, Buckling =
0475 Fy case”, and "Yield = 1.5 Fy, Buckling = 0.5 Fy case",

ag previously explained.
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Results are presented in Table 6.9, and again, when
ductilities of comparable eccentric and SDOF eystems are

related, the conclusionsg of Chapter 5 seem equsally valid.

6.3 Multi-Story Systems

One of +the wajor problems asscciated with multi-story
systems is the definition and determination of the centers of
rigidity. A good +treatment of +thise topic can be found in
Cheung and Tso (198€) [1213. Nevertheless, for the purposese of
this study, the centers of rigidity wvere no£ essential to

perform the ensuing examples and thus were not identified.

For the following case studies, 2ll elements were
modelled as being bi-linear hysteretic with 0O.5% strein
hardening. Rayleigh damping of 2% wva= chosen &t the first
and last period of the multi-story system, which implies than

the intermediate periods had & somevhat lover damping.

Exceptionally here, no target ductility wvwes fixed for
the equivelent SDOF systems. Because of the various
ductility definitions +that will be used thereafter, it was
judged more appropriate to simply apply the N-S5 component of
the 1940 E1 Centro earthgquake (with peak acceleration scaled
toe 0.3g) to +the wulti-story systems of interest. In any

event, the ductility ratio= of torsiocnally coupled systems
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vere demonstrated in previous chapters to be independent of

the target level of excitation.

The response of multi-story +torsionally coupled systems
and egquivalent SDOF systems will hé compared in hope of
extending the wvalidity of +the concepts derived for the
gsingle-story systems. The main concern evidently lies in the
proper identification of the equivalent SpOF system.
Therefore, in pearallel with the definition of Chapter 5, +the
egquivaelent SDOF systen’s periond was defined &8e that of the
first dominantly translational wmode of the multi-story
gystem. Unfecrtunately, for meny multi-story systems, it may
be particulerly difficult +{to visuaelly recognize thies mode.
The following equations allov a formal determinetion of the
mode =shape identification factor (percentage of torsional or
rotational) in each direction (zowme programs, like SAPSC
{703, provide this information automatically vhen performing

modal analysis):

For m system with normalized mode shapes such that:

énf m §n = "u = I

vhere m is the mass matrix, I is +the identity matrix, . is
N*¥ mode shepe, and My 18 the generalized wmass of the NT¥
normal mode, the expression for the Peffective modal

perticipation fectors® can be expanded into:
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v Ln 7/ My = §u L = §u §ur m r*

vhere Lx 315 the modal earthquake-excitation factor and r* ié
the pseudostatic influence-coefficient vector. Using the
equations derived around the center of mass (m; being the
termse of the diagonal mass wmatrix), the wmode shape
identification factors can be obtained by s=summing the
diagonal elements of the (F, ZFu™ m) matrix, such that:

N

P &, 4% mqy = &,0®m + Bou®me + ... *+ 2ya%m

I=1

Eon®tmr®); v .. 0+ Eaafimre ),

where the translational masses terms are grouped separately
from the mass moment of inertias terms. The highest period
_for which the grouped +translational terms equals or exceeds
50% of +the sum is defined as the equivalent period (an exact

S0% eplit is typical of systemse with {2=1).

An additional prcblem comes from the impossibility of
finding & SDOF model which vould perfectly match at all times
the behavior of the vweak side of en initially eccentric
multi~story system. Even 4f & i get to each level
interstory’s yield displacement, these are not necessarily
reached simulteneocusly during dynamic respongse of this
system. Nevertheless, it wvas decided +to maodel +the SDOF
gystem as a bi-linear sysitem with yield displacement egual to

the =sum of the multi-story system’s interstory yield
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displacements. In light of the general goals pursued in this

chapter, that simplification was thought to be acceptable.

Three types of two-story systems were used in this part

of +the study. Esch will be described in the following

sections.

6.3.1 Inditially Eccentric Systemsg - Regqulsr Configuretion

Systeme with regular configuration are simply defined
here as systems for wvhich the floor plan remeins the same at
each story {(equal mass and maess moment of dinertia) and where
the reduction in stiffness from story to story remains
proportional for each structural element resisting lateral

forces.

Since the location of the center of stiffness has not
been identified, 1t is equally logical not to attempt to
define =a ratic of uncoupled frequencies Q for multi-story
systems. Nevertheless, it was decided to conserve the game
strong-to-veak element stiffness ratio as for the cases of
tvo-element systems studied. For e/r=0.3 and Q=0.4, 0.8,
1.0, 1.2, 1.6 and 2.0, the stiffness ratios vwere 7.0, 2.2,
1.86, 1.€7, 1.46 and 1.35, reespectively. 0f course, these

ratios were kept constant from story to =story.
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Two different stiffness variations from the first to the
second story vere Investigated. In o©ne case, the ratio of
second story over first story stiffnesses was 2/3, and in the
other case 1/3. The corresponding two  uncoupled
trenslational periads were .28 and 0.12Z seconds for the

firast case, and 0.34 and 0,14 seconds for the sescond case.

Because there was a need to equate elastic displacements
in order to perform the proper ductility comparison, it was
Judged consistent with the eguivelent SDOF model espproach to
match the maximum elastic displacement with the maximum rcof

displacement on the wepk side of the multi-story system.

Maximum interstory driftis and their corresponding
interstory displacement ductilities were alsgo calculated for
each element. The roof displacement ductilities as well as
each interstory displacement ductilities have been divided by
the ductility of the equivaelent SDOF system, providing three
different ductility ratio indicsestore. These are tabulated in
Table 6.10 for the weak and strong elements. Note +that in a
manner similar to that done for the equivalent SDOF gystems,
the roaof yield displacement has =2imply been teken =as the sum

of each story’s element yield displacement,

It can be observed from Table 6.10 that <the roof
ductility ratios, slthough different +to vhat has generally

been obteined for tva-element systems=, are not necessarily
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better or worse ({(i.e. mosgt resulte are conservative or
glightly ebove unity with a few occasionally larger values),
This ie remarkable congidering the approximations din the
equivalent SDOF model used =as well as the slight non-

uniformity of damping in all wmodes.

Unfortunately, the interstory ductility ratios do not
fare as well. For the oase when the ratio of second story
over first story gtiffnesges 1is 2/3, the lover story’s
interstory ductility retics tend +to be rather large whereas
the upper story’s ones are all conservative. For the case
where the second to first story ratio of stiffnesses is 173,
the =situation 1is reversed a=s 1t d1is nowv +the top story

ductility ratics that are considerably high.

Clearly, the equivelent SDOF method =as presently
formulated is not suitable in predicting interstory
ductilities, although it way still reasonably predict roof
displacement ductilities. As noted in the above examples,
the equivalent SDOF system ansalogy is somevhet impaired when
inelastic action tends to concentrate in a given story. This
same phenomenon slso occurs when comparing inelastic response
of planar wmulti-story frames {(without +torsional coupling)
with inelaestic SDOF systems. More research on this topic

should help circumvent this difficulty.
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6£.3.2 Initially Symmetric Systems -~ Reqgulesr Configuration

In thies secticon, the definition of regular configuration
is the same s in the preceding section. Here, only cases
vere coneidered where the teop story over bottom story
stiffness ratioc wes 2/3. Both elements on a given story had
the same stiffness, and elements on one side wvere yielding st
g strength S50% larger than on the other gide (thus defining =
veak and =8 strong eside). Az before, the uncoupled
transletional pericds were 0.28 and 0.12 seconds, and the
radive of gyretion uveed (still the game at each steoery!)! were
identical +to those of two-element systems having the =same

edge distance d {(recsail (! was equal to ds/r).

In thiszs section, each initially symmetric gsystem is
compared to a similar +two-story system where elemente on a
given story alwayse yield gimultaneously {that iz an
equivalent uncoupled +two-degree-of-freedom system and not an
eguivalent GDOF}. Here, the iorce~diéplacement relationship
of +the regular +two-story two-degrees-of-freedom system is
identicel to the one of the wesk side of the initially
symmetric system (vweak gide being the one with elemente of
lover vyield strength element). Thie approach 4= in
agreement with +the one Zfolloved for all other initially

symnetric aystems studied up to this paint.
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The roof displacement ductilitie=s es wvell as each of the
interstory displacement ductilities have been calculated for
both systems (i.e. the one  with unequal story yield
strengthse, and the egqual stiory yield strength onel, and the
corresponding ratios for each element were directly obtained.
The results bre tebulsted 1in Table 6.11. Again, the roof
vield displacement hes simply been teken ss the =um of each

story’s element yield displacement,.

A expected, all weak element ductility ratios sre unity
wvhen {(d/r)=1, since the weak side wodel is identical to the
uncoupled two-story reference system’s one. Otherwise, the
wealy elements ductility ratioce +tend +to become generally
larger with a decrease in radiuvuse of gyration (as originally
noted in the two-element systems), The largest ductility

ratic measured wvas 1.36, which is relatively low.

Therefore, the conclusions of Chapter 4 may be equally
applicable for multi-gtory seystems with regular
configuration, 85 long as the initially symmetric systems =are

compared with their equivalent uncoupled multi-story systems.

6£.,3.3 Multi-Story Systemg with Irr lay Configuration

In order to obtain a severely irregular configuration, =

single tvo-story structure with a set-back was analyzed. The
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top =lab had half the floor area {and mess) of the lover
slab, and consequently, the mass moment of inertia was 5
times lese (r® being 2.5 times less). Both flecors vere

assumed infinitely rigid in their plan.

Severe gstiffness varisations were chosen fto accentuate
the coupling. The s=structure, still monaosymmetric, is
schematically illustrated above Table €6.12. The lateral
registing elements are located on three equally spaced design
lines on +the lower floor, and +two on the top floor. The
stiffness on the first design line (the common edge to bothk
gtory) was set to be the laergest and uniform along height.
If the interstory stiffness along the first design line is
referred a=s K, then the etiffness along the second design
line is taken to be K/2 on the lower story, and K/¢ an the
top story, and again K/& on the third design line. &til1,
all elements have similar yield displacement (and thus yield
setresses éi Fy) 1in accordance with the model previously

defined for the initially eccentric systems in this study.

The first two periods (0.6 and .4 sec.) eare dominantly
rotational, and the lasgt two (0.18 and 0.082 =ec.) are
dominantly translational. The equivalent SDOF systemz= period

iz thus taken as (.18 seconds.

The real problem with =such an irregular system i=s to

determine wvhich maximum elastic displacement should be made
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to match the maximum elastic displacement of the SDOF system.
Here, 8 weaker side can fortunately be identified, but for
other structural configurstions, this may not be possihble,
Generally, some Jjudgement is needed, esgpecially s2ince it may
be pessible to encounter =some unusual set-back structures
where the largest elastic edge displacement could occur on
the lower story. In +thie current example, it vwas judged
appropriate to use the roof weak side maximum displacement
for the comparisan. Other =steps vere executed as hefore, and

the resultse are presented in Tehle 6.12.

0f course, =ince only one cese i1s snalyzed, there ig no
intent to drav general conclusions. Still, it i= interesting
to notice in this case that although the roof displacement
ductility retios were conservetive to good, the interstory
ductility reatiocos were definitely vorse. Nevertheless,
congidering the severe irregulerity of this sample structure,
the resulting ductility ratios remain reasonsbly wvell

hehaved, the maximum value being 1. 76.

6.4 Concluding Remarks

These examples do not entirely demonstrate that the
equivalent SDOF system concept can lead to sadeguate ductility
predictions in the case of severely irregular structures or
ones having complex lateral loed behavior. They do however

indicate that the method is promising for the cases studied
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and that it deserves additional consideraticon in future

regsearch,
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7. SUMMARY AND CONCLUSIONS

7.1 Summary

The basic concepts inherent in +the response of
torsionally coupled systemg have been reviewed in Chapter 2.
The esguations of motion arcund the center of mass have heen
derived as well as expressions io? the fundamentsl perameters
globally describing the elastic response. Additional
reletionshipe have been presented for +the special case of
monosymnetyric systems, A literature review with respect to
the inelsstic reszponse o0f torsionally coupled esystems has
also been presented in  that chapter. The lack of sgreement
between different researchers on how variations in the

fundamental parameters influence the response was emphasized.

Some preliminary observations related to the response of
torsionally coupled systems were identified in Chepter 3. A
tentative clasgification gcheme far various types of
inelastic torsionally coupled systems wes proposed. A geries
of relatively isolated analyses supported the decision to
focus the attention on: two-element single-story stiffness
eccentric systeme; bi-linear hysteretic element models; and

equal yield displacement for both elements in any given case.

The concept of equivalent non-linear systems= wvas

obtained from the expansion of the incremental equations of
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motion in Appendix A. The requirements for geometry-

independence wvere enunciated in Chapter 3.

A psrametric .Etudy of initially symmetric eystems was
performed in Chapter 4. The effects of the ratio of
uncoupled <freguency R, the wuncoupled period Tx, ductility
levels and variouvus yield combinetions ‘vere investigated.
This parametric study was repeated for five different
earthguake records and the mean responses vere calculated.
The seiesmic performence of every initislly symmetric system
was compared with the performance of its equivelent SDOF
system: ratios of ductility factors were thus obtained and
Jjudged the best indicator of the severity of +the torsional
response induced by the unegual yield strengths. The effect

of the various perameters on the system’s behavior wvere

assessed.

A similar parametric study was conducted for the
initially eccentric systems. The corresponding findings are
presented d1in Chapter 5. The effect of I, Tx, ductility
‘levels, and normalized eccentricities (e/r) were again

investigated under five esrthguake excitations, and mean
responses wvere agesin calculested. The procedure for
determining an equivalent SDOF gystem was Jformulsted. The
speciel case of (=1 produced a more predictable weak element
regponge  and thies phenomenon was clearly explained by

epecializing the equations of Appendix A. A method was
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formulgted to provide a fair comparison between the coupled
system and an equivalent §DAF system, simultaneously
providing 8 cepebility to predict element ductilities in the
coupled s=system from readily availehle design tools.
Consequently, some examples of preliminary design were
presented meking use of +the knowledge sacquired in theaet

chapter.

Finally, Chapter 6 invegtigated +to what extent the
findings of the +two previous chapters {(obtained on two-
element single-story systems) could be extended safely to
other situations, namely: wulti-element single-story systems;
other types of element medels; regular multi-story systems;
and systems with totally irregular configurations.
Individual case studies were performed in =811 of those
situations, the intent being not te provide a comprehensive
study of all possibilities, but rather investigete whether
the previocously obtained results might be extended to other

less restrictive situetions.

7.2 Suggested Future Regsearch

Although different element models, multi-element systems
and multi-story =ystems vere analyzed, thi=s part of the
investigation was far from being comprehensive. Future

research should clearly attempt to provide additionzsl insight
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on those topics especially in the case of wmulti-story
systems. The equivalent SDOF system concept could probably
be extended or modified +to account for higher order effecte
and the occurrence of soft stories. The case of irregulsasr

seystems ghould be given particular attention.

Despite the fact that the element model wes found to bke
a non-influential factor on the ductility predictions
obtained through the eguivalent SDOF concept, there is still
a possibility of ddentifying other types of stiffness
degrading system= which could lead to unacceptably unstable
regsponse under coupled behavior. The importance of
parameters controlling the basic sensitivity of torsional

response to various models should be explored too.

Realistic +threse dimensional models should ealsc be
investigeted in order to mcquire an understanding of how the
elements =a2long lines perpendicular to the earthguake
excitation contribute +o the resistance, In that case, it
would appear desirable to concurrently study bi-directional

seismic input.

The study of actual structures +that have gustained
serioue damege &8s a coneequence of inelsstic torsional
coupling, ag well gre shaking table snalysis of prototype

structures, would also be greatly beneficial.
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Finally, gome edditional guidance should be provided on
hov to integrate into current seiswmic codes the new knowledge
about the inelastic response of systems with mass and/or

etiffness eccentricities.

7.3 Conclusigns

Freliminary work indicates that both static and dynamic
elasgtic eanalysi=s methods wmay be uneble to predict how
torgionally coupled systems will respond when excited by rare
and unusually intense earthquakes. The damage concentration
that wmay occur in the weerker element of such systems is

revealed by inelastic analyesis methods.

In the case of initially symmetric systems, the
torsional responge is created by +the desynchronizing
inelastic element regponge, despite the existence of symmetry
in the ela=stic domain. It has been demonstrated theat the
element ductility levels will remain within reasonable bounds
(vhen compered to the ductility levels obtsined with an
identical systewm free of torsional coupling, thet is, having
synchronized element yielding) as long as:
k3 The ratio of uncoupled frequencies ! iz not excessively

large (preferably 1.2 and lower); large Q produces

larger element ductilities since the reduced mass moment
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of dnertia providese a lower resistance to sangular

motion.

[N

The yield level of +the veaker elemwment in the initially
symmetric gystem is not less then the yield level of the
system with synchronized yielding; furthermore, as long
ar this condition is satisfied, the systen’s period does

not affect this conclusion.

Finally, the ratios of element ductility factors for the

torsionally coupled system to those of equivelent SDOF

systems are insensitive to the levels of earthquake
excitetion.
in +the case of initially eccentric eystems, an

equivalent SDOF system was defined end related to the
torsionally coupled system in & menner such that the weask
element response i= now unaffected by +the +traditional
parameters Q, e/r Ty and level of earthquake excitation; =
cangservative appreach would suggeset that the weak element’s
ductility in the coupled =situation is generally 50X higher

than for its equivalent SDOF gystem.

For all +typee of tweo-element systems studied, the weak
element ductilitie= are alveys equel to their eguivelent SDOF

ductilities when =1.0.
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I+ =ppears that +the Tfindings 4in relation +o heoth
initially symmetrie and eccentric systems may be equslly
applied to equivelent multi-element single-story systems and
systemg with various +types of element models. However,
initially =ymmetric esystems with excessively =mell K, /K,
should he generally avoided. The extension of theose same
results to the case of simple multi-story systems seems
adequate in terms of roof displescement ductility, but often
fails to provide a good interstory ductility predictieon.
General multi-story systews with esevere configuration and
stiffness distribution idrregularities are less appropriately

treated by this eqguivalent Z2DOF concept.
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(Weak edge stiff. = k) Maximum digplacement (inch)
Weak Center Strong
Inelastic Analysis
Strong edge stiff, = k 0. 486 Q. 486 a. 486
t. 5k 0. 74848 0.423 0,118
2.0k 0. 681 0. 368 0.0753
Elastic Analveis
Strong edge stiff. = k 0. 265 0. 265 0., 265
1.3k 0. 203 0.181 0. 157
. 1 {
f
Yield displacement = 0.12 (inch) {(for stiff, = k) |
4

Table 3.1 Displacement for m Two Resisting Element Structure
with Varioug Strong Element Stiffnesges ag Calculated by
Elestic and Inelastic Step-by-step Dynamic Anelysis (N-S
Component of 1940 El-Centro Earthguake Record Scaled to
Obtain a Ductility of 4 in the Sywmmetric Inelmstic Case, 2%
Damping, Ty=0.1 sec., fi=1.6, Bi-linear Hyesteretic HModel
Elements Yielding at 36 kei, and Strain Hardening Equal to
0.005 E).
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i
Yield Flaetic Max. Displecement | Max. Angle
Streegse [Centroid] Pogitive Hegative| Positive Regative
Distance; Weak edge (inch)
(ki) (inch) Strong edge (inch)| {rad.) {rad. )
24 0.0 1.062 -1.997 O. 0053 -0. 00714
0. 555 -1.352
340 -8.3 1.11Q -2.054 0. 0093 -~3.0135
G. 287 ~3. 754
36 -10. 1.133 -2.150 0.0102 -G. 0192
0.212 ~-0. 294
42 -13.6 1.199 ~2.215 0.34108 -0.0216
0. 216 -0. 153
48 -16.7 1. 232 ~2.,218 0.0116 -0, 0217
Oo 204 -0- 149
Above Table for Stiffness Eccentric Systems with {I=1.5,
(e/r)}=0.3, Ty=0.1 Bec., d=50 inches.
Yield Flasgtic Max. Displacement Max. Angle
Stress (Centroid! Positive Hegetive; Positive Negative
Distance|{ Weak edge {inch}
(kei) (inch) Strong edge (inch) (rad. ) (rad. )
9 .0 2.394 -2.569 a. 0206 -0. 0287
2.085 -2.941
22.5 -21.4 2.571 ~2. 863 0.0213 -0.0333
1.133 -1.705
36 -30. 2,541 -2.608 0. 02351 -0.0341
0. 978 ~0. 312
49,5 -34.6 2. 566 -2. 898 0. 0261 -0.0322
. 651 -0. 132 :
&3 -37.5 2.577 -2.953 0. 0264 -0. 0306
0. 371 -0.175
Above Table for Stiffness Eccentric Systems with 9=0.5,

(e/r)=0.3, Ty+=0.1 gec., d=50 inchee.

Table 3.2:
Response

Effect of Various Plastic

Stiffnes=s Eccentric Systems (0=1.5 & 0.5,
(e/r)=0.3, T:=0.1, d=50 inchem, 2X Damping, 5% Strain
Hardening, N-S Component of 1940 El Centro Earthquake Record
Arbitrarily Scaled (aee Section 3.9j).

Centroid Distances on
of
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El Centro, May 18 1940, Comp. SOOE
El Centro Site Imperial Valley Irrigatien District
Max. Acceleration: 0.348 g et 2.12 gec.

Olympia, April 13 1943, Comp. HNHOA4AW
Weshington Hwy Test Lab
Max. Acceleration: 0. 165 g at 10.94 =ec.

Taft, July 2% 1952, Comp. H21E
(Kern County) Taft Lincoln School Tunnel
Max. Acceleration: 0.156 g at 9.1 sec.

Parkfield, June 27 1966, Comp. NG65E
Cholame, Shandon, Californie Array No. 2
Max. Acceleratien: 0.489 g at 3.74 gec.

Pacoima Dam, February 9 1971, Cowp. S16E
(San Fernando Earthquake) Facoima Dam, Cal.
Max. Acceleration: 1.17 g et 7.74 mec.

Table 4.1 : Expanded desmcription of the five earthquake
recorde used 1n this study (From Caltech
Strong Hotion Database Volume II).



Table 4.2:

1) Initielly Symmetric System=s= Results Diskettesm:

Fiie Name

Location

ie7 -

Pescription

Format

ductrat. ec
ductrat., ol
ductrat, pd
ductreat. pk
ductrat. tf

ductrat. ecs
ductrat.ol8
ductrat. pd8
ductrat. pk8é
ductrat. tf§

veak-ec, dat
veak-ol. dat
veak-pd. dat
weak-pk.dat
veak-tf.dat

veak-ec8.dat
veak-0l18. dat
weak-pd8. dat
wveak-pk8. dat
veak-tf8. dat

strg-ec.dat
strg-o0l.dat
strg-pd. dat
strg-pk.dat
strg-tf.dat

strg-ec8.dat
strg-ol8.dat
atrg-pds8. dat
strg-pk8. dat
strg-tf8.dat

omvk-ec. dat
omwk-ol. dat
amvk-pd. dat
omwk-pk. dat
omvk-tf, dat

omvk-ec8. dat
amvk-ol8. dat
omwk-pd8. dat
omvk-pk8. dat
omwk-tf8. dat

A:
\ratios\.

\ratios\.

\omege\.

\omega\.

\omega\.

\omega\.

\yield\.

\yield\.

Ductility of 4
Ratios of
ductilities for
both elements.

Same as above but
Ductility of 8

Bloc Comparisons
of Omega values
For veak elements
Ductility of 4

Bioc Comparisons
of Omega values
For weak elements
Ductility of 8

Bloc Comparisons
of Omegea values

For Strong elements

Ductility of 4

Bloc Comparisons
of Omega values

For Strong elements

Ductility of 8

Bloc Comparisons
of Yield levele
For Weak eiements
Ductility of 4

Bloc Comparisons
of Yield levele
For Weak elements
Ductility of 8



Table 4.2 (continued):

les8

File Neme Locetion Degcription Format
A:
omsg-ec. dat \yield\. Biloc Comparisons 3
omsqg-ol.dat of Yield levele
omgg-pd. dat For Strong elementse
omsg-pk. dat Ductility of 4
omsg-tf. dat
omsg-ec8. dat Ayield\h, Bloc Compari=sons 3
omsg-ol8. dat of Yield levels
omag-pd8. dat For Strong elemente
omsg-pk8. dat Ductility of &
omeg-ti8. daet
allengle. ec4d \angile\. Angles end angles 4
allangle.ol4 time radius of
allengle.pd4 gyration (r)
allaengle. pd4 Ductility of 4
allangle., tf4
allengle. ec8 \angle\. Angles and angles 4
allangle.o0l8 time radius of
allengle. pd8 gyration (r)
allangle. pdé Ductility of 8
allanglie. t18
Where the labels ec, al, pd, pk and tf relate +the each

individual earthquake records
that is:

ec : El Centro 1840
ol : Glympia 1949

rd : Pacoima Dem 1971
pk : Parkfield 1966

tf Taft 1952

used to generate those results,
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Table 4.2 (continued):

Furthermwore, the files calculasting +the mean for the five
earthquake used <(as well &8s the mean plus one standard
devietion) are labeled ms follow:

For the means (all located in a:\gtets):

File Name Mean of Ductility of Format
meandurt. 4 ductrat files 4

meandurt. 8 ductrat files 8 1
meanang .4 allangle files 4 4
meanang .8 allangle files & 4
veakmnd4. dat vweak,...files 4 2
wveakmnd8. dat veak.., files 8 z
strgmnd4. dat gtrg... files 4 2
strgmndé. dat gtrg... files 8 2
omwkmnd4. dat amwk... filem 4 I
omvkmnd8, dat omwk. ., files 8 3
omsgmnd4. dat omsg..., files 4 3
omggmnds, dat omgg... files 8 3

For the wmeens-plusm-one-sgtanderd-deviatione <(mll located in
e:\stats):

File Hame Mean + 31 SDV Ductility of Format
mplsdvdr. 4 ductrat filee 4 1
mplsdvdr. 8 ductrat files 8 1
mpleang .4 allangle files 4 4
wmplsang .8 allangle files= a8 4
veakmpl4d, dat veak, ... files 4 2
veakmpl8. dat veak... filese 8 2
strgmpl4. dat sgtrg... files 4 2
strgmpl8. dat strg... files 8 2
omvkmpl 4, dat cmuk... files 4 3
omvkmpl 8. dat omvk.., files 8 3
omagmpl4, det omsg... files 4 3
omsgmpi 8, dat omgg... files 8 3

#varning: Some titles vere mixed up in the files relating to
element ductility retios only in the cases of
mean-plus-one-gtandard-deviation for target
ductility of 4 and mean for target ductility of 8.
This table is verified to be correct and overrides
any minor migtakes in identificetion ams herein
described.
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Table 4.2 (continued) - List of Formate:

To Read any file:s

All filez presgented above Bmare vwide files {(more than 80
columnsg vide; refer to format list for details). Therefore,
the usuel DOS utilities are not edequete +to allov easy
reading of the results. To compensate for +this problem, =a
public domain utility (list.com) hae been provided to view
the files. It ir BEelf explanatory {type ¢ for help). Ta
view results from & file, just +type *ligt filename'”. The
prograem also eccepte wild-cerd character (=), All files= in
formaet type 2 and 4 can be read by spreadsheet programs that
can read ASCII filee longer then 23536 characters. The proper
amount of quotes is provided to allow proper column
pogitioning.

Format 1 & 4:

The files under format 1 & 4 are 132 columne wide. They
can therefore be printed on wide-cerriage printers (or
printer that can emulate wvide-printing) without undesgirable
iine folding. The columns are organized as follovw (after
some brief comment lines):

Columns 1 send 2 respectively contain the period and
omega (2) values for that given sget of analyses. The
folioving 8 columns ere releted (tvwo-by-two) to the 4 yield
cases studied: *0.8 & 1.0 Fy®, *"1.0 & 1.2 Fy®*, "1.0 & 1.5 Fy"
end *1.0 & 2.0 Fy*".

For format 1, the columns 3, 5, 7, and 9 alvays contains
the ductility ratios resulte for the elements yielding st Fy,
and columns 4, 6, & and 10 will hold the results for the
elements with different vyields levels. Thus, the proper
heading could read: Period, Omega, Strong & Weak Case 1, Weak
& Strong Case 2, Weak & Strong Caese 3, Weak & Strong Caege 4
{note the reversal betvween strong & vesk).

For format 4, the maximum angulilar vaelilue (in radians) in
the £first column of each group (celumns 3, S5, 7 and 9) where
the radius of gyration times the maximum angular value iz in
the second calumn of each group (columns 4, 6, 8 and 10).
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Table 4.2 (continued) - List of Formats:

Format 2 & 3:

These files are more +then 256 charactera long. These
fileg are formatted with current standards for ASCI1 file-
reading by spreadsheet programe like LOTUS 1-2-3 version 2.1
(although & fev spreadsheet progrems may not be able to read
ASCII filezs of more +than 256 characters wide, like earlier
versiong of LOTUS). Actually only the second line of each
file iz very wvide. tUeing an editor to kill thet line would
allov s spreadsheet without wide-ascii-lines capabilitie=s to
read these files toco. After B few heading lines, the first
column is slweyg blank, and the sBecond containa the periode.

The format 2 columns are grouped as follow: For each of
the 4 yield combinationz etudied, the columns represent the
omega valiues increasing frem 0.4 to 2.0. A column of zeros

geparates the four 10x6 Pbhlocs”.

The format 3 columneg are grouped as follow: Each omegs
value studied, the different yield combinations are places
next to each other etarting with "i & 2 Fy* to "0.8 & 1 Fy*.
This ie to allow easy comparison between the yield levels for
a given omege value. There is therefore & "bloce” of 10xu4,
delimited by columnse of zeros.



- 172 -

Weak Elewent Ductility Retiose
Omega 0. 4 0.8 i.0 1.2 1.6 2.0
Period Cese: 0.8 Fy and 1.0 Fy fean - 5 Eerthquekes
0.1 2.130 2. 5880 2,765 3. 201 3. 390 3. 823
a.2 1.976 2.203 2.643 2.701 3. 200 3. 245
0.3 1.583 1.580 1.638 1.737 2.098 2. 5300
0.4 1.439 1.498 1.6385 i.834 2.047 2. 367
0.6 1.367 1.435 1.473 1.595 1.90¢ 2.026
G.8 1.360 1.362 1.426 1.434 1. 4895 1.688
1.0 1.362 1.467 1,585 1.568 1.656 1.814
1.2 1.315 1.365 1.393 1.425 1.536 1.753
1.6 1,269 1.318 1.400 1,465 1.582 1.652
2.0 1.274 1.235 1.237 1.274 i.345 1,428
Case: 1.0 Fy and 1.2 Fy Mean - S Eerthquakes
.1 0. 884 1.010 1.000 1.100 1.243 1.452
0.2 0. 839 0. 886 0. 9399 1.026 1,148 1.202
0.3 0. 892 0.978& 1.000 1. 086G 1.220 1.561
0.4 0. 3805 0.917 1.000 0. 999 1. 349 1.408
.6 0. 905 0. 540 G.9398 1.055 1.293 1. 346
0.8 0,981 1.019 1.001 1.033 1.148 1.279
1.0 a. 929 Q. 9533 1.000 G, 999 1.038 1.246
1.2 0.938 0. 980 1.000 1.033 1.077 1.179
1.6 0.957 0. 968 1.0600 1.4600 1.124 1.294
2.0 0. 3884 Q.975 1.400 1.053 1.080 1.107
Cage: 1.0 Fy and 1.5 Fy Mean - 5 Earthquakes
0.1 0. 834 0.3984 1.000 1.112 1.412 1.481
0.2 0. 832 0.815 0.999 1.067 1.283 1.473
0.3 0.974 Q.956 1.000 1.150 1.381 1.846
0.4 C.934 G. 891 1.000 1.10G 1.515 i.927
Q.6 Q. 300 G. 831 0.998 1.069 1.405 1.5880
0.8 1.1402 1.061 1.001 1.076 1.287 1.531
1.0 0.934 0. 946 1.000 0.938 1.218 1.449
1.2 0. 860 0. 977 i.000 1.073 1.142 1,296
1.6 G, 373 0.935 1,000 1.040 1.340 1.436
2.0 Q. 93536 0.923 1.000 1.074 1.157 1.298
Case: 1.0 Fy and 2.0 Fy Mean - 3 Esrthguakes
a.1 0. 834 G.995 i.000 1.128 1.437 1.468
0.2 0. 763 0.904 0. 38393 1.130 1.370 1.835
a. 3 1.094 G. 896 1.000 1.156 1.397 i.911
0.4 1.049 0.933 1.000 1.261 1.480 2.225
0.6 G. 980 0. 857 0. 998 1.068 1.448 1.693
0.8 1.210 1.197 1.001 1.098 1.317 1.558
1.0 0.967 G.942 1.0006 1.030 1.438 1.462
1.2 0.812 0.976 1.000 1.132 1.374 1.397
1.6 1.102 C.992 i.000 1.0906 1.529 1.5114
2.0 0.975 0.901 1.000 1.119 1.247 1.480

Table 4.3 A: Mean of Weak Element Ductility Ratios
Target Ductility of 4
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Weask Element Ductility Ratios
Omega 0.4 0.8 1.0 1.2 1.6 2.0
Period Case: 0.8 Fy and 1.0 Fy Mean + 1! Stand. Dev.
Q.1 2.607 3.683 3.830 4,411 4. 508 5.133
0.2 2.787 3. 040 3.683 3. 956 4. 688 4,624
0.3 1.900 1.860 2.027 2.173 2.3935 3.024
0.4 1.626 1.785 2.099 2.242 2.535 2.715
0.6 1.451 1.673 1.743 1.993 2.252 2. 346
0.8 1.400 1,487 1.555 1.604 l1.848 2.164
1.0 1.429 1.601 1,732 1.664 i1.841 2.097
1.2 1.435 1.524 1,596 1.706 1.808 2.007
1.6 1.322 1.379 1.528 1.644 1.810 1.997
2.0 i.381 1.394 1.391 i.418 1.487 1.808
Case: 1.0 Fy and 1.2 Fy Mean + 1 Stand. Dev.
a.1 1.013 1.136 1.001 1.219 1. 316 1.615
0.2 1,091 1.014 1.001 1,098 1.304 1.461
.32 1.038 1.062 1.001 1,195 1.433 1.767
0.4 Q. 3956 0. 9693 1.000 1.114 1.527 1.697
0.6 1.034 1.038 1.002 1.235 1.518 1.640
0.8 1.035 1.108 1.002 1,083 1.326 1.485
1.0 1.013 1.012 1.000 1.032 1.174 1.439
1.2 0.963 1.014 1, 0060 1,072 1.129 1.298
1.6 1.011 1.007 1.000 1.035 1.263 1.474
2.0 1,031 1.014 1.000 1,097 1.126 1.333
Case: 1.0 Fy and 1.5 Fy Mean + 1 Stand. Dev.
0.1 1.059 1.107 1.001 1.245 1.630 1.61%6
a.2 1.211 0.991 1.001 1.184 1. 585 1.843
Q.3 1. 265 1.150 1.001 1,253 1.635 2. 320
0.4 1.087 1.040 1.000 1.239 1.8:13 2.322
0.6 1.117 0. 3994 1.002 1.373 1.648 2.015
0.8 1. 235 1.235 1.002 1.187 1.526 1.979
1.0 1.152 1.020 1.000 1.071 1.358 1.590
1.2 0. 906 1.021 1.000 1.187 1.201 1.300
1.6 1.055 1.024 1.000 1.074 1. 645 1.692
2.0 1.033 1,003 1. 000 1.166 1. 264 1.521
Cage: 1.0 Fy and 2.0 Fy Hean + 1 Stand. Dev.
C.1 1.G682 1.107 1.00} 1.282 1.692 i.589
0.2 1.071 1.153 1.0014 1.271 1.724 2.036
4.3 1.505 1.173 1.001 1.304 1.773 2.453
Q.4 1.281 1.208 1. 000 1.4391 1.864 2. 888
G.6 1.228 0.970Q 1.002 1.377 1.583 2.133
.8 1.481 1.412 1.002 1.275 1.584 2.253
1.0 1.272 1.044 1.000 1.144 1.495 1.699
1.2 0.9318 1.063 1.000 1.367 1.675 1,727
1.6 1.352 1.234 1.000 1.126 1.970 1,633
2.0 1.009 0. 984 1.000 1.218 1.458 1.725
Table 4.3 B: Mean Ylus one Stendard Deviamtion of Weak Element
Ductility Ratios, Target Ductility of 4
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Strong Element Ductility Ratios
Omega 0.4 0.8 .0 1.2 1.6 2.0
Period Cage: 0.8 Fy and 1.0 Fy Hean - 5 Earthquskes
c.1 1.4359 1,192 1.000 0.936 0.819 0. 700
0.2 1.492 1,374 G.999 0. 900 0.873 0. 831
0.3 1.147 1.096 1.000 0.902 0. 756 0.758
a. 4 1.210 1.140 1.000 1.016 0. 829 0. 770
0.6 1.0383 1,100 0. 998 0.3871 0.729 0.611
0.8 1.093 1.072 1.001 1.036 1.054 0.783
1.0 1.127 1.053 1.000 0.97S 0.973 0. 828
1.2 1.061 1.033 1.0060 Q. 958 0. 308 0. 815
1.6 1.045 1.017 1.000 0.977 0. 997 0. 883
2.0 1.002 1.017 i.000 0.953 0. 864 0. 854
Case: 1.0 Fy and 1.2 Fy Hean - 5 Esrthqgquskes
0.1 G. 634 0, 593 0.611 a. 518 0. 488 0.434
G.2 g.621 0.624 Q.532 0. 601 0. 485 0. 495
0.3 0. 747 0.718 0.713 0.631 0. 606 0.571
0.4 0. 752 0.759 0.724 0.772 0.659 0.3575
ag,6 0. 794 0.753 G. 736 Q. 734 0.624 0. 520
0.8 0.832 0.837 0. 867 0. 856 G. 809 0. 589
1.0 0. 769 0. 742 0. 738 0.741 0. 734 0.652
1.2 Q. 790 0.773 0. 762 0. 725 Q. 709 0.658
1.6 0.834 0.810 0. 786 Q. 766 0. 853 0. 733
2.0 G.812 0.810 0,795 0. 758 0,727 0.725
Came: 1.0 Fy and 1.5 Fy Mean - 5 Earthquakes
Q.1 0. 401 0. 378 0. 400 0. 336 0. 275 0. 266
a.2 Q. 530 0, 487 0. 4954 Q. 437 0, 344 0.311
0.3 Q. 375 0, 563 0. 565 0.419 0. 376 0.373
0.4 a. 525 0. 607 0. 359 0. 570 0.473 0. 350
0.6 0.583 Q. 561 0. 565 0. 509 0. 436 0.324
0.8 0. 664 0. 684 0.742 0. 603 0. 553 0. 402
1.0 0. 605 0.671 0. 667 0. 654 0. 523 0. 469
1.2 0.619 0.613 0. 596 0. 529 0,474 0. 440
1.6 0. 625 0.650 0. 663 0.611 a. 690 0. 836
2.0 0. 663 g. 676 0.634 0. 589 Q. 526 0. 546
Cage: 1.0 Fy and 2.0 Fy Mean - S Earthquakes
0.1 0. 265 g, 258 0. 279 0. 225 0.199 Q. 193
0.2 0. 398 0,394 Q. 361 0. 278 0. 234 g, 222
0.3 0. 408 0. 428 0. 393 0. 276 0. 234 0. 234
0.4 0. 430 0. 448 0. 455 0. 437 0.310 0. 261
a.6 0.414 Q, 427 0. 403 0. 358 0. 297 0. 221
a.8 0.477 0, 487 0. 485 0.411 0. 380 0. 293
1.0 0. 487 0. 526 0. 519 a. 522 a. 357 0. 336
1.2 0., 426 C. 452 0. 475 0. 444 0, 352 0, 296
1.6 0. 488 G. 600 0. 568 0. 531 0. 560 g. 360
2.0 0. 491 0.515 0. 488 0.441 0. 399 0. 408

Table 4.3 C: Mean of Stron
Target Ductil

Ze

Element Ductility Ratiose
y of 4
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Strong Element Ductility Retios
Omega .4 0.8 1.0 1.2 1.6 2.0

Period Cage: (0.8 Fy and 1.0 Fy flean + 1 Stand. Dev.
0.1 1.847 1.389 1.001 1,075 1.136 G. 3827
0.2 1.717 1.596 1.001 1.120 1.190 0. 945
0.3 1.337 1.23: 1.001 1.049 Q. 992 1.055
0.4 1. 346 1.241 1.000 1.166 1.089 1.169
0.6 1.275 1.267 1. 002 0. 993 0. 815 0. 753
0.8 1.134 1.142 1.002 1.138 1. 303 1.014
1.0 1,185 1.101 1.000 1,008 1.054 1.041
1.2 1.130 1.069 1.000 0. 996 G. 986 6. 909
1.6 1.170 1.086 1,000 1.004 1.115 1,027
2.0 1.060 1.045 1.000 G, 982 0. 967 0. 965
Cage: 1.0 Fy and 1.2 Fy Mean + 1 Stand., Dev.

0.1 a. 708 a. 769 0. 784 G.673 0.637 0.578
0.2 0. 820 0. 807 0, 630 Q, 843 c. 587 0. 600
0.3 0. 906 0. 849 0. 878 0. 793 0. 816 0.679
0.4 0. 816 0.851 0. 786 0. 880 0. 790 Q. 706
0.6 0. 838 0. 892 0. 841 0. 897 0. 698 0. 598
0.8 0. 880 0.910 0.3820 0. 3857 0. 930 0. 698
1.0 G. 797 a. 797 0.811 C. 842 G. 843 0. 755
1.2 0. 845 0. 849 0. 840 0. 820 0. 796 0. 754
1.6 0. 894 O. 887 Q. 857 g. 862 0,984 Q. 832
2.0 0.872 0. 886 0,877 0,862 G. 826 0. 862
Case: 1.0 Fy and 1.5 Fy Mean + 1 Stand. Dev.

0.1 O. 486 0. 503 0. 550 0. 468 0, 325 0. 320
0.2 Q. 751 0. 667 0,771 0.65! 0.417 0. 351
0.3 0. 761 0. 689 0. 746 0. 531 0. 336 0. 446
0.4 0. 584 C. 689 0.6&75 G. 701 0. 733 0. 425
0.6 0.624 0. 702 0. 630 0. 536 0. 493 0. 385
c.8 0.744 0. 762 0.817 G, 713 G. 795 G. 509
1.0 0. 666 0.770 0. 801 0.815 0. 667 0. 620
1.2 a. 708 0. 693 0.692 0.661 Q. 572 o, 581
.86 0.682 C. 738 0.772 0.733 0.935 0.735
2.0 0,723 0. 755 G. 743 0.658 0. 609 0.672
Case: 1.0 Fy and 2.0 Fy Mean + 1 Stand. Dev.

0.1 a. 327 0. 329 Q. 367 0. 279 0. 226 0. 224
0.2 0.651 0. 560 0.517 0. 382 0. 262 0. 243
0.3 0. 505 G. 558 a. 527 0, 330 0. 288 Q. 254
0.4 0. 494 0.503 0. 561 0, 569 0. 431 0,311
o.6 0.472 0. 500 0. 495 0,422 0. 334 0. 240
0.8 0. 574 0.552 G. 567 0. 501 0.511 Q. 343
1.0 Q. 597 0. 694 Q. 699 0. 636 0. 420 0. 489
1.2 0. 539 0. 604 0.673 0. 624 0. 442 0. 369
1.6 a. 566 Q. 752 a.687 Q. 636 G.835 0. 481
2.0 0. 545 0. 569 0. 542 a. 486 0. 485 0, 482

Table 4.3 D: Mean plus one Standard Deviation of Strong
Element Ductility Retics, Target Ductility of 4
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Weak Element Ductility Ratios
Omega 0.4 0.8 1.0 1.2 1.6 2.0
Period Case: 0.8 Fy and 1.0 Fy Mean - § Earthquakes
0.1 1.701 2.160 2.378 2.693 2.684 3. 193
0.2 1.709 1.785 2.089 2,211 2. 373 2. 607
a. 3 1.4567 1.627 1.713 1.812 2.089 2.339
0.4 1.435 1.678 i.688 1.84¢ 1.964 2.142
0.6 1.297 1.305 1.300 1.362 1.595 1.813
0.8 1.301 1.304 1.354 i.4z8 1.472 1.636
1.0 1.348 i.400 1.4862 1.524 1.543 1.710
1.2 1.408 1.432 1.475 1.481 1.480 1.569
1.6 1.325 1,329 1.343 1,397 1.489 1.515
2.0 1.308 i.284 1.279 1.288 1.322 i.403
Case: 1.0 Fy and 1.2 Fy Mean - S5 Earthquakes
0.1 0.778 0. 854 1.001% i1.124 1.184 1.392
0.2 0.723 Q.845 0.993 1.031 1.141 1,192
0.3 0.879 Q.953 i.o0co 1.025 1.264 1. 356
0.4 0. 845 0.963 1.002 1.069 1,125 1. 236
0.6 g.917 G. 968 0.999 1.055 1.111 1.293
0.8 0. 330 0.971 a. 999 1.024 1.060 1.172
1.0 0.911 0.943 i.000 1.01¢ 1.078 1.170
1.2 1.005 1,017 1.026 1.036 1.097 1,150
1.6 G.970 0. 386 1.015 1.071 1.143 1.129
2.0 1.038 1.017 1.016 1.028 i.048 1.120
Caese: 1.0 Fy and 1.5 Fy Mean - 5 Earthquakes
0.1 Q. 655 Q. 803 1.001 1.027 1,362 1.488
0,2 Q. 322 0. 802 0. 859 1.028 1.223 1.320
0.3 0.815 0.929 1.000 1.020 1.571 1.770
0.4 0. 759 G.847 1.002 1.064 1.237 1.360C
0.6 0. 798 0.937 0.95% 1.132 1. 308 1.330
0.8 0. 845 0. 956 0.999 1. 051 i.152 1.424
1.0 0.824 0. 879 i. 000 1,013 1.179 1. 334
1.2 Q. 966 1.0:7 1.026 1.057 1.185 1.317
1.6 0.917 0.971% 1.015 1.125 1.284 1.310
2.0 1.050 1.012 1.016 1.045 1.078 1.227
Cage: 1.0 Fy and 2.0 Fy Mean - 5 Earthquakes
.3 . 645 G. 767 1.001 J.s8a9 1.384 1.521
0.2 0. 606 0.751 0. 999 1.060 1.229 1. 440
0.3 1.003 0.955 1.G00 1.105 1.832 1.846
0. 4 0. 769 g.871 1.002 1.033 1.432 1.950
0.6 0.716 Q.913 0.999 1.187 1.342 1.482
0.8 Q.794 0.931 0. 999 1.078 1.301 1.632
1.0 0. 769 0. 845 1.000 1.061 1.329 1.388
1.2 0.919 1.004 1.0626 1.124 1,232 1.444
1.6 0. 909 0.942 1.015 1.180 1.554 1.534
2.0 1.026 0.994 i1.016 1.066 1.145 1,392

Table 4.3 E: NHean of Wesk Element Ductility Retio=
Target Ductility of &8
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Weak Elewent Ductility Ratios

Cmega 0.4 0.8 1.0 1.2 1.6 2.0
Period Case: 0.8 Fy and 1.0 Fy Hean -~ 1 Stand. Dev.
0.1 2.079 2. 862 3. 153 3. 599 3.497 4,166
G.2 2.115 2.276 2. 586 2.777 3.142 3. 331
c.3 1.658 2.022 2.097 2.224 2.5877 2.969
0. 4 1.660 2. 006 i.964 2.058 2.192 2.457
0.6 1.424 1.490 1.547 1.701 1.911 2.218
0.8 1.389 1.419 1.492 1. 548 1. 679 1.832
1.0 1.545 1.685 1.754 1.740 1,805 2.048
1.2 1.655 1.718 1.776 1.704 1,620 1.872
1.6 1.475 1.505 1. 537 1.641 1.795 1.780
2.0 1.376 1.416 1.431 1.437 1.465 1.472
Case: 1.0 Fy and 1.2 Fy Mean + & Stand. Dewv.
c.1 0.952  1.023 1.002 1.318 1.424 1.452
G. 2 0. 850 0.983 1.001 1.149 1,277 1.310
0.3 d. 926 1.G30 1.0040 1.142 1.424 1.731
0.4 0.310 1.060 1.0035 1.136 1,281 1.547
a. s 0. 957 a,.997 1.001 1.133 1,291 1.461}
0.8 0.972 1.003 1,001 1.075 1.19%9 1.391
1.0 0.963 0.983 1.000 i.040 1.124 1.249
1.2 1.093 1.094 1.085 1.054 1.160 1.244
1.6 1.049 1.043 1.080 1.190 1,326 1.348
2.0 1.101 1.051 1.053 1.065 1,117 1,196
-Cage: 1.0 Fy end 1.5 Fy Mean + 1 Stand. Dev
0.1 0. 846 0.997 1.002 1.121 1.554 1.67}%
0.2 Q. 804 1.057 1,001 1.116 1.354 1,499
0.3 0. 940 1.186 1.000 1.152 1.821 2.215
0. 4 0.911 0.992 1.005 1.234 1, 484 1.864
0.6 Q. 878 0.990 1.001 1.266 1,572 1.446
a. 8 0. 960 1.025 1.001 1.160 1.439 1.696
1.0 0.941% 0.986 1.000 1.083 1.358 1.457
1.2 1.142 1.144 1.085 1.118 1,288 1.434
1.6 1.07S5 1.084 1.080 1. 306 1.576 1.687
2.0 1.152 1.051 1.053 1.088 1.164 1. 386
Came: 1.0 Fy and 2.0 Fy Mean + 1 Stand. Dev.
0.1 0. 860 0. 932 1.002 1.096 1.675 1.741
0.2 0.914 1.041 1.001 1.132 1,417 1.698
a. 3 1.416 1.414 1.000 1,360 2. 507 2, 406
0.4 0.901 1.079 1.005 1. 225 i.687 2.472
a.6 Q. 875 1.010 1.001 1.338 1.473 1.793
0.8 0. 956 1.042 1.001 1.255 1.602 1.803
1.0 0.941 1.013 1.000 1. 205 1.573 1.540
1.2 1,187 1.210 1.085 1.192 1,362 1.641
1.6 1.052 1.101 1.080 1.433 1.791 1.989
2.0 1.100 1.030 1,053 1.122 1.254 1.5868

Table 4.3 F: Mean

Element Ductility Ratiocs,

plus one Standard Devietion of Weak

Target Ductility of 8




- 178 -

Strong Element Ductility Ratios
Omega 0.4 c.8 i.¢C 1.2 1.6 2.0
FPeriod Cage: 0.8 Fy and 1.0 Fy Hean - 35 Earthguakes
0.1 1. 266 1,054 1.001 0. 758 C.717 0.633
0.2 1,304 1.244 ¢. 999 Q0. 745 0.714 G.714
0.3 1,221 1.085 1.000 0.225 1.0412 0. 838
0.4 1.206 1.028 1.002 0. 892 0. 769 0. 779
0.6 1.057 1.041 0.998 0.908 0. 688 0.310
0.8 1.068 i.045 0.999 0.972 0. 936 0. 860
1.0 1.097 1.044 1.0G60 0.937 0.915 0.792
1.2 1.099 1.061 1.026 1.025 1.052 1.02a
1.6 1,052 1.050 1.015 0.999 1.027 1.010
2.0 0. 997 1.015 1.016 1. 007 Q. 972 0. 905
Case: 1.0 Fy and 1.2 Fy Mean - 5 Earthquakes
0.1 0, 532 0. 495 0.457 0. 434 a. 407 0. 348
0.2 0.618 0.554 Q. 462 0. 4445 0. 446 . 435
.3 0. 708 0.737 0.655 0.667 0.719 0. 580
G.4 0. 748 0.711 0.662 0.679 0.511 0.513
ag.6 6. 776 0. 730 0. 688 0.627 0. 523 0.431
0.8 0. 808 0.779 0.749 0.727 0. 754 0.687
1.0 0. 793 0. 766 a. 739 0. 730 0. 701 G. 633
1.2 0.837 0. 843 C. 824 0.811 0. 816 0.744
1.6 0.819 0. 813 0. 784 0. 749 0,782 0. 791
2.0 Q.827 0,843 0. 840 0. 825 0. 805 0. 748
Case: 1.0 Fy and 1.5 Fy Mean - 5 Earthquakes
0.1 0. 299 0.272 0.273 0.241 0.178 0.170
Q.2 G. 38z 0.351 0. 295 a. 297 0. 231 Q. 220
0.3 0. 496 0, 503 0. 540 0. 557 Q. 444 0.312
G.4 0.535 G. 533 0. 477 0. 438 0. 403 0.313
0.6 0.581 0. 500 0. 440 0.432 0.313 0. 286
0.8 0.620 0.611 G. 592 0. 582 0, 584 0.413
1.0 0. 589 0. 351 0. 536 0. 505 0, 522 0.427
1.2 0.672 0.671 0.627 0. 607 0. 572 0.531
1.6 0.672 0. 684 0.643 Q. 605 0.621 0. 579
2.0 0.632 0. 633 0. 621 0. 604 0.571 0.512
Case: 1.0 Fy and 2.0 Fy Mean - 5 Earthquakes
0.1 a. 180 0. 135 0.171 0. 133 0,115 0.109
0.2 0. 294 0,272 0. 219 0, 180 0. 144 0,128
0.3 G. 378 0. 435 0. 445 0. 391 0. 234 0. 166
0. 4 0. 331 0.411 0. 340 0. 322 0. 250 0.194
0.6 G. 374 G. 326 0. 326 G. 300 0. 215 0.186
0.8 0. 455 0. 505 0.473 0. 471 0. 357 0. 248
1.0 0. 406 0. 390 0. 380 C. 329 0.311 0.275
1.2 0. 490 0.522 0.442 G. 447 0. 394 0. 339
1.6 G.511 0.476 0. 445 0.442 0.470 0. 396
2.0 0. 468 0.471 0. 465 0. 433 0. 388 0. 384

Table 4.3 G: Mean of Strong Element
Terget Ductility of 8

Duectility Ratios
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Strong Element Ductility Ratios

Omegea 0.4 0.8 1.0 1.2 1.6 2.0
Period Case: 0.8 Fy and 1.0 Fy Mean + 1 Stand. Dewv.
a. 1 1.490 1.192 1.002 0. 889 0.810 0.944
0.2 1.43% 1.377 1.004 0.940 0. 996 0.934
0.3 1.391 1.114 1.000 1.063 1.712 1.445
0.4 1. 306 1.125 1.005 4. 955 0.979 1.272
0.6 1.105 1.063 1.001 0. 966 0.771 0. 633
a.8 1.118 1. 086 1.001 1.034 1.102 1.083
1.0 1.204 1.062 1.000 1.030 1.113 1.030
1.2 1.213 1.126 1.085 1.162 1. 364 1,248
1.6 -1.152 1.151 1.080 1.088 1.241 1.230
2.0 1.083 1.060 1.0583 1.045 1.069 1.02z2
Case: 1.0 Fy and 1.2 Fy Mean + 1 Stand. Dewv.
0.1 0. 661 0. 635 Q. 594 0. 589 0. 551 0. 464
0.2 0.810 0,748 0.671 0.651 0.679 0.590
0.3 0.775 0. 842 0. 744 0. 885 1.164 0. 802
0.4 0. 836 0. 776 0. 769 0. 769 0.617 0.779
0.6 0. 829 0. 781 0. 751 0. 697 0. 568 0. 540
0.8 0.874 0. 850 0. 805 0. 794 0. 883 0. 824
1.0 a. 846 0. 841 a.812 a. 799 0.831 0. 808
1.2 0. 908 0. 950 0.941 0. 3850 0. 996 ad. 885
1.6 0. 929 0.954 0,930 0. 899 0.984 0. 980
2.0 0.873 0.5813 0. 905 0. 883 0. 865 0.812
Case: 1.0 Fy and 1.3 Fy Mean + 1 Stand. Dev
0.1 0.372 0. 361 0. 383 0. 315 0. 211 0. 215
c. 2 0. 570 0.511 0,412 0. 451 0. 344 0. 287
0.3 0. 626 0. 664 G. 823 0.971 0.637 0. 410
0.4 0. 638 0. 703 g. 626 0. 536 0.624 0.425
0.6 0.623 0. 542 0. 502 Q. 503 0. 358 0.414
.8 a. 704 a. 736 0.728 0. 724 0. 783 G. 601
1.0 0. 692 0. 680 0.716 0. 663 0.711 0. 661
1.2 0. 820 0. 857 0.818 0. 820 0. 765 0. 694
1.6 0.818 0.8139 0. 746 Q. 701 0. 747 0. 846
2.0 0.691 0. 704 0. 685 Q. 688 0. 710 0.617
Case: 1.0 Fy and 2.0 Fy Mean + 1 Stand. Dev.
0.1 0. 230 0. 197 0. 236 0. 163 Q. 130 0.122
0.2 0. 456 0.410 0. 332 0. 262 0. 184 0. 149
0.3 0. 526 0. 615 a. 748 0.662 0. 323 0. 221
0.4 0. 434 0. 593 0. 472 0. 416 0. 374 0. 247
a. 6 0. 418 0. 401 a. 432 0. 345 0. 238 0. 285
G.8 0.511 0,626 0.573 0.651 0. 435 0. 362
1.0 Q. 541 0.3512 0. 504 0.435 0.437 0. 443
1.2 0.683 0. 709 C. 605 0.674 0. 575 0. 497
1.6 0.635 0.577 a. 549 0.543 0.572 0. 537
2.0 0. 538 0. 557 0. 554 0. 534 0. 502 0. 464

Table 4.3 H: Mean plus one Standard Devietion of Strong

Element Ductility Ratioe,

Terget Ductility of 8
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Gyration Radius x HMaximun Anguler Response
Omega .4 .8 1.0 1.2 i.6 2.0
Period Case: 0.8 Fy and 1.0 Fy Mean - 5 Earthguakers
0.1 C. 304 0. 345 0, 347 0. 393 0. 333 0. 307
0. 2 G. 329 G, 247 0. 333 0. 327 Q. 298 0. 246
c. 3 C. 244 0.125 0. 145 0. 187 Q. 209 G, 221
0.4 0, 154 0. 133 0. 1350 0. 163 0.178 G, 184
0.6 0. 157 C. 115 0.105 0.152 0. 163 Q. 155
0.8 G. 149 0. 099 0.082 0. 0386 0. 130 G.132
1.0 €. 109 0.114 0,125 0.115 0.115 0.118
1.2 0.131 0.091 0. 089 G.114 0. 104 0. 109
1.6 G. 108 0.084 0, 104 0.119 0. 125 0. 098
2.0 0. 101 0. 056 g, 053 0.072 0.079 0. 088
Case: 1.0 Fy and 1.2 Fy Mean - 5 Earthquakes
0.1 0. 156 0,164 C. 144 0. 133 0.134 0.138
0.2 0. 244 0,128 0. 137 0. 143 0.121 G.302
.3 0.211 0. 094 o, 099 0. 131 0. 148 0. 150G
0.4 0.124 0.091 C. 10! G. 108 0. 155 0.137
a.6é 0.174 0.088 G, 087 0.126 0. 140 Q. 127
G. 8 0.133 0. 488 0, 065 0. 095 0.118 0.117
1.0G 0. 093 0.083 G. 081 a.o082 0.107 0.110
1.2 0. 102 0.072 G.073 Q. 091 0. 090 0, 090
1.6 0. 086 G, 059 G, 075 0. 084 0.101 0.091%
2.0 0. 101 0,057 O, 061 0.078 0,064 0.073
Cage: 1.0 Fy and 1.5 Fy Mean - 5 Esrthquake
0.1 0.312 Q. 228 0. 201 0.211 0.184 0. 155
0.2 0. 435 0.175 0. 192 a. 188 0. 165 a. 153
0.3 a. 426 0. 176 g, 196 0. 205 G. 204 0. 204
0.4 0. 254 0. 147 g, 185 0. 204 Q. 235 0.223
0.6 0. 264 0.187 0, 153 0. 192 0.192 0. 184
o.8 G. 285 0.143 0. 134 0. 167 0. 202 0.166
1.0 0.214 0.179 0. 156 0. 181 0.176 0. 1867
1.2 0.217 . 139 0.142 0. 164 Q. 159 0.126
1.6 0.173 0.128 g. 1458 0. 157 Q.179 0. 168
2.0 0. 224 0.113 0. 116 0. 145 g.121 G.139
Case: 1.0 Fy and 2.0 Fy Mean - 5 Earthquakes
0.1 0. 431 Q. 279 Q. 236 0. 225 0. 192 0. 162
0,2 0. 464 0, 276 0. 232 0.216 0.193 0.171
.3 0. 526 0. 247 a. 264 C. 2435 G.212 0. 230
0.4 0. 368 Q. 236 0, 243 0. 294 0. 249 0.271
0.6 0.376 0. 215 0. 219 0. 235 Q.219 0., 202
0.8 G. 446 0.218 0. 223 g, 251 a. 229 0. 186
1.0 0. 334 0. 254 0. 239 Q. 234 Gg. 230 0. 183
1.2 0. 323 0. 237 0. 214 0. 227 3. 216 0.173
1.6 0. 254 0. 228 0. 232 0. 248 Q. 269 0. 193
2.0 . 307 0, 183 0. 216 Q. 236 0. 190 0. 194

Table 4.3 I: Mean of Radius of CGyration x Maximum Angular
Responege, Target Ductility of 4
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Gyration Radius x Maxiwun Angular Responee
Gmega 0.4 a.8 1.0 1.2 1.6 2.0
Period Cagse: 0.8 Fy and 1.0 Fy Mean + 1 Stand. Dev.
0,1 0.411 0. 589 0. 537 C.610 0. 475 0. 447
0.2 0. 4595 0. 403 0.514 G. 503 a. 497 0. 333
0.3 0. 2586 0. 167 0.212 0. 257 0, 282 0. 284
0.4 0.4179 G. 186 0. 237 0.217 O, 243 0.220
0.6 Q.222 a.181 0, 147 G. 193 a,211 0.191
0.8 0.173 0. 129 0.115 0.132 0. 164 0.172
1.0 0O.142 0. 161 0. 156 0.138 g. 145 0.147
1.2 0. 201 0.138 G.134 G. 159 0.139 0.137
1.6 0. 183 . 149 0. 190 g. 204 G.171 0.137
2.0 6.130 G. 076 0. 075 G. 094 0,116 0.120
Cage: 1.0 Fy and 1.2 Fy Mean + 1 Stand. Dev.
0.1 0.179 0.218 0. 167 0.162 Q. 148 0. 170
0.2 0.418 ' 0.182 0. 160 6. 191 G. 151 0. 136
0.3 0. 304 0. 155 0. 143 G. 164 G, 195 . 201
0.4 0. 181 O0.111 0. 133 C. 143 0.198 0.162
0.¢€ 0,233 0.115 0. 144 G. 175 a, 187 0,155
0.8 0, 164 0.112 0. 107 0. 116 0. 144 0.153
1.0 C. 122 G. 102 0.095 0. 107 0. 138 0.13:2
1.2 Q. 137 Q. 098 Q. 098 0.111 0.127 0,131
1.6 G, 132 a. o070 0. 094 g.112 Q. 125 0. 124
2.0 0. 141 3.078 g, 102 c. 111 Q. 050 0. 395
Casge: 1.0 Fy and 1.5 Fy Mean + 1 Stand. Dev
0.1 Q. 409 0. 298 0. 224 0. 260 0.214 0.L7)
0.2 a. 849 0. 241 0. 239 0.242 Q. 220 G, 203
0.3 Q.642 g.271 0. 290 0.231 0. 251 0, 259
0.4 0. 305 g.169 0. 220 0. 258 0. 303 0,278
0.6 6. 370 0. 238 0. 208 0. 245 0. 239 0.237
0.8 C. 409 0. 197 0. 185 0. 181 0. 256 0,217
1.0 0. 269 0.210 0,172 0. 250 0,212 0.174
1.2 0, 297 0. 173 0. 180 0. 200 0.193 0. 150
1.6 0. 239 0.159 Q. 184 0. 202 g. 233 0.211
2.0 . 296 0. 163 0. 168 0. 200 Q. 158 0. 164
Case: 1.0 Fy end 2,0 Fy Mean + 1 Stand. Dev.
0.1 0.575 0. 339 0.271 0. 281 0. 229 0, 186
0.2 Q.927 0.413 0. 281% 0.274 0. 258 0. 228
0.3 Q. 725 G. 393 0. 334 a. 276 0. 263 Q. 296
0.4 0. 522 0. 333 a. 298 0. 366 Q. 337 0. 352
0.6 G. 506 0. 263 0.273 0. 290 0. 239 a. 251
0.8 0. 693 0. 281 0. 254 0. 287 0. 270 0. 269
1.0 0, 406 0. 289 0. 299 0. 299 a. 266 G. 232
1.2 0. 398 0. 257 0. 252 0. 279 0. 262 0. 219
1.6 0. 299 0. 260 0. 263 0. 295 0. 359 0. 207
2.0 0. 408 0. 231 0. 274 0. 285 0. 228 0. 222

Table 4.3 J: Mean plue cone Standard Deviation of Radius

of Gyration x Maximum Angular Response,
Ductility of 4

Target
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Gyration Radius x MHaximun Angular Response
Omega 0.4 0.8 1.0 1.2 1.6 2.0
Period Cage: 0.8 Fy and 1.0 Fy Mean - 5 Earthguakes
0.1 0. 408 0.622 0. 597 0,628 0. 504 0. 527
a.z2 0. 389 0. 297 G. 381 0.476 0. 409 0. 363
G.3 0. 293 0. 295 0.310 0. 344 0. 353 0. 361
.4 a. 251 0. 263 0. 263 Q. 320 0. 287 0. 325
0.6 0. 188 . 146 0.145 0. 199 0, 243 0.272
0.8 0.174 G. 132 0.134 0. 166 0.177 0. 205
1.0 0. 193 G. 200 0.188 0. 167 Q.161 0. 189
1.2 0. 166 0. 157 0.152 0. 135 0. 160 0.171
1.6 0.187 0.121 0.115 0.141 0. 164 0.130
2.0 0.119 0. 086 0.101 0. a9s Q.104 0. 098
Case: 1.0 Fy and 1.2 Fy Mean - 5 Earthquakes
0.1 G. 287 0.242 0. 297 0.301 0. 265 0. 251
0.2 0. 298 0.253 g. 283 0. 287 0. 2458 0. 203
.3 0. 243 O. 240 Q. 237 0. 267 0. 362 C. 271
0.4 0.187 0. 227 0.233 0. 247 0. 234 0. 253
g.6 0.169 0.123 0.131 0.182 0. 192 0.218
0.8 0. 166 G. 137 0. 148 0.129 0. 187 0. 190
1.0 0. 167 0. 150 0. 164 0. 145 C. 135 g. 160
1.2 0. 145 0. 149 Q.137 0. 143 0. 157 0. 143
1.6 0.172 0. 123 0.133 0.155 0. 168 0. 107
2.0 0.119 0.072 0.077 0. 085 0.095 0.087
Case: 1.0 Fy and 1.5 Fy Hean - 5 Earthquake
c.1 0. 460 0. 348 g. 381 0. 336 0. 368 a. 327
c.2 0.524 0. 363 0. 389 Q. 394 0. 320 0.272
0.3 0. 546 0. 404 0. 420 0. 382 0. 420 0. 406
0. 4 0. 410 0. 390 0.438 Q. 366 0.371 0. 351
0.6 0.312 0. 262 0. 287 0. 353 0. 354 0. 295
0.8 0.317 0. 304 0.310 0. 248 0. 346 0. 308
1.0 0. 250 0. 278 0. 321 0. 284 0. 253 . 266
1.2 Q. 389 0. 298 0. 274 Q. 295 0. 255 0, 231
1.6 a. 336 0.231 Q. 285 0. 296 0, 294 0. 234
2.0 0. 251 0.172 0. 160 0. 164 0. 186 0.175
Cese: 1.0 Fy and 2.0 Fy Mean - S5 Earthqgquakes
0.1 0.617 0.433 0.434 0. 383 0. 397 0. 356
0.2 0.777 0. 453 0. 463 G. 425 0. 354 0. 330
a.3 0. 801 0. 523 0. 538 0. 466 0. 529 . 454
0. 4 0. 567 0,532 0. 531 a. 384 G.441 0. 483
0.6 C. 609 0.422 0. 422 0. 484 0. 405 0, 363
0.8 C. 483 0.475 0. 403 0.372 0.413 0. 365
1.0 0. 464 0.425 0.470 O.414 0. 380 0.321
1.2 0. 660 0. 464 0. 409 G. 451 0. 363 0. 335
1.6 0. 425 0. 365 0. 406 0. 392 G.410 a. 357
2.0 0. 394 0. 328 0. 318 0. 308 0. 252 0.310

Table 4.3 K@

Response,

Hean of Redius of Gyration x Maximum Angular
Target Ductility of 8
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Gyration Redius x Maximun Angular Response
Omega 0.4 0.8 1.0 1.2 1.6 2.0
Period Cage: 0.8 Fy and 1.0 Fy Mean + 1 Stand. Dev.
0.1 0. 560 G, 797 0. 851 0. 309 0. 669 0. 703
0.2 0.619 C. 451 6. 570 0. €84 0. 604 0. 537
0.3 0. 383 G.415 Q. 388 G.381 G. 508 G. 4498
0.4 g, 309 0.431 a. 359 0. 407 . 350 Q. 423
0.6 0, 292 G. 209 0. 193 0. 255 0.317 0. 363
a. 8 G. 266 G. 138 Q0.176 0. 202 O.214 G, 239
1.0 0, 278 0. 267 0. 264 0. 222 0. 197 0. 221
1.2 0, 262 G. 220 0. 204 0.167 0. 228 C. 189
i.6 C. 278 G. 169 0. 168 0. 210 0. 240 0.185
2.0 0.178 0. 120 0.139 0.123 0. 136 g.127
Cage: 1.0 Fy and 1.2 Fy Mean + 1 Stand. Dev.
0.1 0, 404 0.341 0. 394 0. 44} 0. 345 0. 288
0.2 0.410 0. 388 G. 409 0. 365 0. 322 0. 273
a.3 0. 295 G. 343 0. 324 0. 315 0. 461 G. 321
0. 4 0.277 G. 357 0. 330 0.312 0. 279 0. 308
0.6 0, 248 0.178 0.173 a. 229 0. 250 0.275
0.8 0, 206 G. 181 0. 224 a, 182 . 207 0. 221
1.0 0, 252 C. 188 0. 210 0.178 0. 155 o. 192
1.2 0,267 0. 194 0.183 0.1392 0. 220 0. 168
1.6 Q. 248 G. 183 0. 208 0. 245 C. 224 g, 167
2.0 0. 169 0. 093 a. 899 0.111 0. 129 0. 122
Case: 1.0 Fy and 1.5 Fy Mean + 1 Stand. Dev
0.1 0.603 C. 510 0. 436 0.374 G. 430 G, 371
0.2 0. 954 0. 503 0. 447 0. 497 0. 396 G. 305
0.3 O. 708 g. 504 0. 490 0. 450 0. 502 0. 508
a. 4 0, 483 0. 626 0.673 0. 443 0. 422 0. 443
0.6 0. 484 0. 349 0. 369 0. 457 0.414 0. 338
0.8 0, 375 0. 397 0. 436 0. 365 0. 376 Q. 354
1.0 0,412 0. 379 Q. 387 0. 357 0.314 G. 323
1.2 C. 643 0. 383 0. 380 0. 361 0. 328 Q. 258
1.6 0,313 0. 408 0. 399 0. 4298 0. 397 0,338
2.0 0. 381 0. 229 0,217 0. 223 0. 254 0. 235
Case: O Fy and 2.0 Fy Mean + 1 Stand. Dev.
G.1 G. 825 a. 566 G. 486 G.434 0. 491 G.421
0.2 1.510 0.672 Q. 525 0. 481 0.415 0. 391
.3 1.054 0. 648 C. 595 G. 499 0. 694 0. 585
0.4 0. 644 Q.874 0. 767 0. 478 Q. 530 0.617
0.6 0.919 0. 556 0. 300 0, 593 0.438 0.479
0.8 0. 543 0. 582 0. 592 0.51%9 0. 447 0. 454
1.0 a.625 Q. 526 a. 560 G. 459 a.472 0. 381
1.2 1.051 0. 598 0. 514 0. 546 0. 427 0. 388
1.6 a. 665 O. 451 G. 917 a.513 3. 538 0. 446
2.0 0.538 0. 462 0. 429 G. 415 0. 305 0. 381

Table 4.3 L: Mean plus one Standard Deviation of Radius
of Gyration x Maximum Angular Response, Target
Ductility of 8
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Period Ductility Level of SDOF at 0.8 Fy

Target ductility Target ductility
of 4 at Fy of 8 at Fy

18.0
16. 4
13.6
13.5
10. 4
iGc. 8
11.7
11.3
10. 4
10.0
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Table 4.4: Mean of the ductilities (5 earthquakes) for
SDOF systems yielding at 0.8 Fy and subjected
to the same scaled earthquakes that create
uniform ductility demand on SDOFs yielding at
1.0 Fy.
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err
Omege () !
0.1 a.3

0.4 0. 25 0.75

0.8 0.125 0. 375

1.0 0.1 0.3

1.2 0.0833 0,25

1.6 0. 0625 0. 1875

2.0 0.05 0. 15

Teble S5.1: Value of e/d a2 8 function of Q and e/sr
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Weak Element Ductility Rstios
Omega 0.4 G.8 1.0 1.2 1.6 2.0
Period Case: e/r = 0.1 HMeen of § Esrthquake
G, 1 0. 899 1.380 1.001 0. 956 1.143 1.278
0.2 1.070 1.407 1.000 0. 750 1.047 1.159
0.3 1.008 1.029 0.931 0.939 1.118 1,383
0.4 1.032 1.536 1.600 0.934 1.202 1, 256
c.6 0. 998 i.5886 0.877 0,875 1,191 1.176
0.8 1.13120 1.012 1. 000 0. 897 1.105 1.215
1.0 1.034 1,437 1.000 0. 785 0.938 1.152
1.2 1.024 1.401 1.G00 a. 858 a. 985 1.052
1.6 ). 060 1.254 1.000 0. 803 1.020 1.140
2.0 1.042 1.165 1.000 0. 226 1.073 1.0618
Case: e/r = 0.3 Hean of 5 Earthgueke
0,1 0. 475 0. 563 1.000 0.878 1.044 1.309
G, 2 0. 666 1.098 1.000 Q. 316 1.164 1. 258
Q.3 0.723 0.8338 0.998 0. 896 1.102 1.583
0,4 1,159 2,794 1.000 0. 8956 1.105 1.692
0,6 0.925 i.194 0.992 0. 785 1.158 1.447
0.8 0. 809 i.296 1.000 Q. 835 1.007 i1.262
1.0 0.835 1,053 1.000 Q, 826 1.039 1.143
1.2 1.154 1.17G 1.000 G. 868 0.953 1. 085
1.6 1.164 1.151 1. 000 a. 860 1.102 1.1z29
2,0 1.424 1.515 1.000 0. 909 1.029 1.014
Strong Elewment Ductility Ratios
Omega 0.4 0.8 1.0 1.2 1.6 2.0
FPeriod Case: e/r = 0.1 Mean of 5 Earthqguske
0.1 0.678 0. 820 0. 536 0. 392 Q. 537 0. 566
0.2 0.941 0.938 0. 584 0. 478 0. 504 G. 592
a.3 0. 899 0.5941 3. 6339 0.514 0.620 0. 658
G. 4 1.142 1.232 G, 730 4. 645 0. 680 0.647
Q.6 1.034 1.036 Q, 740 0. 578 0.651 0,635
a, a 1.060 1.027 1.0G2 0. 769 0. 868 0.687
1.0 1.048 1.198 0. 880 0.669 0. 766 0. 752
1.2 1.107 1,265 0. 882 0.648 0. 766 0.742
1.6 1.086 1.143 0. 8967 0. 756 0. 897 0. 755
2.Q 1.086 1.155 G. 873 Q. 785 0. 788 0. 835
Capge: e/r = 0,3 Mean of 5 Earthqgquake
a.1 0.9098 0. 209 O, 211 0. 204 0. 269 0. 283
Q.2 0. 315 0. 368 0.335 0. 233 0.275 0. 338
0.3 Q. 376 0.528 a.628 0. 367 0.413 0. 407
Q.4 0.792 1.932 0. 705 0. 488 0. 406 0. 410
0.6 GC. 774 0.817 0. 573 0. 384 Q. 350 0.431
0.8 Q. 998 0.835 0. 727 0. 4893 Q. 493 0. 438
1.0 1.002 1.061 a. 744 0. 593 0. 448 0.472
1,2 1.177 0, 946 8, 762 0. 545 0. 466 0. 524
1.6 1.225 1.018 1.004 0. 762 . 734 0, 544
2.0 1.376 1.398 0. 826 0. 355 0.601 0. 664

Table 5.2: Mean of Weak and Strang Element Ductility Retioe
Case of Target Ductilily of 4
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Weak Element Ductility Ratios
Omege .4 G.8 1.0 1.2 1.6 2.0
Period Case: e/r = (.1 Mean + 1 Stand. Dewv.
.1 1.501 2.057 1.001 1.103 1.224 1. 400
0.2 1.655 1.696 1.000 0. 3946 1,281 1.270
0.3 1.351 1.481 1.046 1.126 1,323 1. 540
Q.4 1.264 2.269 1.Q000 1.020 1. 326 1.492
0.6 1.310 2.032 0.982 0.9397 1.393 1.40%
0.8 1.343 1.299 1.000 1.083 1.311 1.397
1.0 1.187 1.704 1,000 Q. 879 1.051 1.31s6
1.2 1.110 1.687 1.000 0. 949 1.028 1.127
1.6 1.138 1.565 1. 000 0. 904 1.170 i.240
2.0 1.105 1. 453 1.000 1. 057 1.220 1.235
Cage: e/r = 0.3 Mean + § Stand. Dewv.
0.1 . 607 a.661 1.001% 1.064 1.104 1.471
0.2 1.030 1.733 1,000 1.128 1.425 1.374
0.3 1.099 1.192 1.010 1.164 1,256 2.061
0.4 1.752 6.077 1.000 1.076 1.347 2.067
.6 1.371 1.870C 1.004 0. 879 1.806 2.173
0.8 Q.952 2.146 1.000 1.002 1.299 1.591
1.0 1.040 1.489 1,000 0. 891 1.108 1.263
1.2 1.677 1.562 1. 000 1.051 1.083 1.335
1.6 1.598 1.749 1.000 0.975 1.378 1.3z29
2.0 1.814 2,385 1.000 1.022 1. 296 1.18é
Strong Element Ductiiity Ratios
Omega 0.4 0.8 1.0 1.2 1.6 2.0
Period Case: e/r = 0.1 Mean + 1 Stand. Dev.
0.1 1.064 1.312 0. 729 0. 520 0.682 0,722
0.2 31.450 1.612 0.818 0. 745 0. 653 0. 754
0.3 1. 266 1. 460 0. 8390 a.642 0. 864 0. 800
G. 4 1.393 1.772 Q. 780 0. 745 Q. 836 0.811
0.6 1.233 1.505 0.908 0.681 G. 763 0. 768
0.8 1. 271 1.136 1.147 0.932 1.038 a. 789
1.0 1.254 1.495 1.031 0. 765 . 890 G. 883
1.2 1.13% 1.400 1.180 0. 727 G. 868 Q. 836
1.6 1.133 1.335 1.093 0. 884 1.042 G.811
2.0 1.109 1.505 1. 000 0. 922 0. 897 0. 984
Case: e/r = 0.3 Mean + 1 Stand. Dev.
G. 1 Q. 146 0. 255 0.241% 0. 230 O. 303 G. 326
0.2 0. 488 0.472 0. 435 0. 295 0. 353 0. 393
0.3 0. 536 0. 792 1.042 0.629 0. 660 . 535
0.4 1.086 4. 300 0. 886 0.678 0. 582 g. 500
a.6 0.973 1.281 0,643 0.422 0. 459 0,660
.8 1,200 1.374 0, 995 0.693 0.615 0. 577
1.0 1.237 1.529 1.103 0. 701 0. 559 0. 588
1.2 1.459 1.291 1.112 0.722 0. 586 0.743
1.6 1.442 1. 488 1.297 1.029 1.141 0. 696
2.0 1.615 2.151 0. 902 0. 646 0. 757 0.853

Table 5.3: Mean-plus-one-stendard-deviation of Weak and
Strong Element Ductility KRatios
Caze of Target Ductility of 4
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Weak Element Ductility Ratios
Omega 0.4 c.é 1.0 1.2 1.6 2.0
Period Case: e/r = 0.1 Mean of 5 Earthqueke
0.1 0. 751 1.314 1.000 0.842 1.072 1.169
0.2 0. 766 1,134 1.000 0. 705 1.015 1.146
0,3 1.041 0,892 (0,975 0.813 1.172 1.204
0.4 1.038 1,388 1.000 0. 766 0.997 1.119
0.6 0. 545 1,253 0. 990 0. 844 1.017 1.184
0.8 1.045 1.171 1.000 0. 836 0. 993 1.079
1.0 0. 964 1.300 1.000 Q.770 0.951 1.080
1.2 1.065 1.414 1.000 0. 862 0.347 1.017
1.6 1.114 1,209 1.0600 0. 824 a.981 0. 936
2.0 1.061 1,058 1.000 0. 884 0. 969 1.014
Came: e/r = 0.3 Mean of S5 Earthguake
a.1 0.273 0,394 1.000 0.832 1. 069 1. 256
0.2 0. 443 0. 880 1.000 0. 782 1.030 1.1392
0.3 0. 309 0.772 1.019 0. 805 1.148 1.370
0.4 G.935 2.031 i.000 0.814 0. 976 1.317
0.6 0. 725 1.062 0.989 0. 826 G.962 1.074
g.8 d0.3910 1,203 1.000 0.775 0,993 1. 226
1.0 1.008 0,994 1.000 0.728 0. 887 1.093
1.2 1.049 1.002 1.000 0.834 0.851 1.077
1.6 1.318 1.193 1.000 0.794 0.914 1.004
2.0 1. 256 1.343 1.000 0. 791 0. 862 1.009
Strong Element Ductility Ratios
Omegs 0.4 0.8 i.0 1.2 1.6 2.0
Feriod Case: e/r = 0.1 Meen of 5 Earthguake
0.1 0.698 0. 6390 0. 501 0.331 0.472 0. 503
0.2 0. 665 a, 832 0.414 0. 350 a. 482 G.614
0.3 0.987 0.837 0,747 0. 698 0.765 0.711
0.4 1.082 1,300 0. 6382 0. 564 0. 557 0. 609
0.6 1.048 1.139 0.683 0.513 0. 564 0. 524
0.8 1.079 1.010 0. 841 0. 725 0. 806 0. 795
1.0 1.007 1.194 0. 882 g. 626 0.781 0.741
1.2 1.0697 1.289 0. 880 a. 725 0.879 0.818
1.6 1.083 1,118 0. 829 0.751 0. 869 0. 859
2.0 1.064 1,057 1.007 0. 835 Q. 870 0.834
Case: e/r = 0.3 HMean of 5 Earthquake
.1 0.055 0. 125 0.136 0.133 0.157 . 199
0.2 0.218 0. 320 0. 297 0. 168 0. 188 0.270
0.3 0. 338 0.574 0. 567 0. 488 0.414 0. 335
0. 4 0. 6396 1.031 0.481 Q. 401 0. 365 0. 353
0.6 0.713 Q. 791 0. 649 Q. 334 0. 303 0. 329
0.8 0.967 0. 926 0. 805 0. 650 0.517 0. 490
i.0 0. 962 0. 890 0. 791 0. 581 0. 556 0. 454
1.2 1.060 0. 960 0, 803 0. 596 0.624 0.633
1.6 1.228 1.129 0,802 0. 684 0. 738 0.623
2.0 1.224 1.1311 0.9823 0,678 0.618 0.628

Table S.4: Mean of Weak and Strong Element Ductility Ratios
Case of Target Ductiiity of 8
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Weak Element Ductility Retios
Owega 0.4 a.8 1.0 1.2 1.6 2.0
Period Cese: e/ = 0.1 Mean + 1 Stand. Dev.
0.1 1.326 2.437 1.001 C. 869 1,281 1.264
Q.2 1,138 1.433 1.0600 0. 846 1.112 1.300
a.3 1.480 1.223 1.040 Q. 899 1.336 1.3€8
0.4 1.288 1.74a2 1.000 d.926 1.156 1.400
0.6 1.174 1.8598 1.000 Q.930 1,144 1.284
0.8 1.207 1.451 1.000 1.055 1.177 1.251
1.0 1.080 1.3590 1.000 0,910 1.045 1.140
1.2 1.153 . 1.775 1.000 Q.932 1.005 1.070
1.6 1.201 1.403 1.000 0. 958 1.108 1.119
2.0 1.091 1.135 1.000 0.994 1.072 1.103
Case: e/r = 0,3 Mean + ]1 Stand. Dev.
0.1 0. 363 0.333 1,001 0.914 1.148 1. 362
0.2 0.677 1.255 1.000 Q. 869 1.202 1.309
G. 3 G. 763 1.186 1.040 0.949 1.307 1.592
0.4 1.218 4,323 1.000 G. 964 1.199 1.628
¢.6 0.961 1.654 g.4993 a.984 1.192 1.213
0.8 1.032 2.015 1. 000 0.957 1.285 1.467
1.0 1,438 1.324 1.0Q00 0. 946 1.4078 1.242
1.2 1,465 1.356 1.000 0.919 a. 946 1.177
1.6 1. 705 1,680 1.000 G, 898 1.161 1.119
2.0 1.481 1.990 1.000 0.871 1.009 1.193
t Strong Element Ductility Retios
Omega 0.4 0.8 1.0 1.2 1.6 2.0
Period Cagse: e/ = 0.1 Mean + )1 Stand. Dev.
0.1 1.227 1.054 0. 700 Q. 432 0. 603 0, 630
Q.2 1.023 1.628 0.637 0.511 Q. 753 Q. 830
0.3 1.430 1.212 0,972 1.134 1. 248 0.951
0. 4 1.290 1. 465 Q. 876 . 698 Q. 705 0.873
0.6 1,236 1.408 0.822 0.619 0.627 0. 654
G. 8 1.237 1,193 0.981 0. 895 0.967 0. 909
1.0 1.148 1.440 1.012 3.738 0.974 0. 895
1.2 1.140 1.408 1.061 Q. 897 1.004 0.945
1.6 1.140 1.304 1.044 0.917 1.072 Q.945
2.0 1.110 1. 166 1.125 0.964 0.9383& 0, 884
Cage: e/ = 0.3 Mean + 1 Stand. Dev.
G. 1 a. 082 0. 162 0. 160 a. 163 0. 185 d. 260
Q.2 Q. 327 0. 539 0.475 0.236 0. 258 Q,372
0.3 0. 490 0.914 G. 979 0. 837 Q. 587 0.432
Q.4 0. 999 2.063 G. 626 Q. 535 Q. 587 Q.513
0.6 0.934 1.248 Q. 848 0.404 0.315 0.513
Q.8 1.142 1.581 1.204 1.012 0.698 0. 693
1.0 1.180 1. 384 1,152 0.834 a. 852 0. 658
1.2 1,260 1.361 0,994 0.877 0.837 0.876
1.6 1.431 1.493 1.050 0,972 J,982 0.814
2.0 1.347 1.489 1.110 0.792 0.805 0.731

Table 5.5: Mean-plus-one-gtandard-deviation of the Weak
and Strong Element Ductility Ratios
Case of Target Ductility of 8
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Table 5.6:

1) Initially Eccentric Systewmg Results Diskettes:

File Name Location Degcription Format
A

eccdraec. 4 ‘\ductaecc\. Ductility of 4 1

eccdraocol. 4 Ratios of

eccdrapd. 4 ductilities for

eccdrapk. 4 both elements.

eccdratf. 4

ecodraec. 8 \duct8ecc\. Same ae above but b

eccdreol. 8 Ductility of 8

eccdrapd. 8

eccdrapk. 8

eccdratf. 8

veakec4dx.dat \duct4ecc\. Bloc Comparisons 2

weakoldx. dat of Omege values

veakpd4x. det For wesk elements

veekpkdx. dat Ductility of 4

veaktfdx.dat

veskec8x. dat \duct8ecc\., Bloc Comparigons 2

veekol8x. det of Omega values

veakpd8x. dat For veak elements

weakpk8x. dat Ductility of 8

weaktf8x.dat

strgecdx. dat \duct4ecc\. Bioc Comparisons 2

strgoldx. dat of Omega values

gtrgpd4x. dat For Strong elements

strgpkdx. dat Ductility of 4

strgtid4x.dat

strgec8sx. dat \duct8ecc\. Bloc Comparisons 2

gtrgol8x. dat of Omegsa values

strgpd8x.dat For Strong elements

strgpk8:x. dat Ductility of &

strgtf8x. dat

Where the lebels ec, o0l, pd, pk end +tf relate +the each

individual earthquake records used to generate those results,
that is:

ec 3 Ei Centra 1940
ol H Clywmpia 1949

pd : Pacoima Dam 1971
pk H Parkfield 13866

tf Taft 1952
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Table 5.6 {(continued):

Furthermore,
earthquake

the files
used (s
deviation) are lebeled

wvell 8=

For the means (all located in

files

File Name
meandecc. 4
meandecc. 8
meanangx.all
mndvZyal. dat
meanvk4x. dat
meanwvk8x. dat
meansg4x. dat
meanseg8x. dat

For the
a:\stats):

File Name
mplsdecc. 4
mplsdecc. 8
mplsangx.all
mpdv2yal. dat
mplsvwkax. dat
mplswk8x. dat
mplssg4dx. dat
mplssg8x. dat

meanangx.all,
mpdvZyal. dat,

Mean of
eccdra--.4 files
eccdra--.8 files

ellenglie files
drangle/éy files
veak....files

‘weak... file=
strg... files
strg... files

means-plus-one-standard-deviations

Mean + 1 SDV
eccdra--.4 files
eccdra-~-.8 files
ellangle files
deangle/éy files
veak.,...files
vweak... files
strg... files
strg... files

calculating
the mean
as follow:

a:\eccstats,
mndvZyal. dat,
vhich are stored in a:\angleecc):

the mean

Ductility of

Db Db b Db
g go
o o

Ductility of

(1 I I Y
2o Qv
n >

except
mpilgangx.all and

(all

for +the five
plus one standard

for the

Format

MRNNNB LW

located in

Format

NRNRNN& Q- -
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Table 5.6 {(continued):
To Read any file:

All files preeented above ere vwide files (more than 80
columns vwide; refer to format list for details). Refer +to
Table 4.2 for instructions on hovw to eagily read these files.
Format 1 & 4:

List of Formats:

The files under format 1 and 3 are 132 columns wide.
They can therefore be printed on vwide-cerriage printereg {(or
printer that can emulate wide-printing) without undegirable
line folding. The columns dre organized as follovw f(after
some brief comment lines):

Columns 1 and 2 respectively contein the period and
omega () values for that given get of analyses, For forwat
1, the followving 4 columns are related (two-by-two) to the 2
different levels of normelized eccentricity studied (i.e.
e/r=0.1 and e/r=0.3). The columns 3 and 5 contain the
ductility ratios results for +the =strong element (stiffer),
and columns 4 and & hold the results for the wesk elements.
Thus, the proper heading could read: Period, Omegas, Strong &
Weak for e/r=0.1, Weak & Strong for e/r=0.3. For format 3,
the following 8 columns are also releted (two-by-tweo! to the
tvo different levels of ductility end normalized eccentricity
studied. Columne 3, 5, 7 and 9 contain the maximum angular
responges (in radians), and columns 4, &, & and 10 contain
the values in their reeppective previous column multiplied by
the edge distance and divided by the yield displacewent
(let’s call these normalized). Therefore, the proper heading
could read: Period, Omega, (Ductility = 4: Max. Angle and
Normalized Max. Angle for e/r=0.1, then for e/r=Q.3),
(Ductility = 8: HNax. Angle and Normelized Max. Angle for
e/r=0.1 and es/r=0.3}.

The files under forwmat 2 and 4 are more than 132
charactersg 1long <(but 1less than 250). Thege files are
formatted with current standarde for ASCII file-reading by
spreadsheet progrems 1like LOTUS 1-2-3. After a few heading
lines, the first caolumn i1iz2 always blank, and the second
contains the perijiods. The format 2 columns are grouped as
follow: For each of the 2 normalized eccentricity
combinationg studied, the columns represent the ductility
ratios for omega values increasing from 0.4 +to 2.0. For
format 4, for each of the tvo ductility and normalized
eccentricity studied, the columnse represent normalized
maximum angles for omega valuee increaging from 0.4 to 2.0,
in the following order: Ductility of 4: e/r=0.1 and e/r=0,3;
then ductility of 8: e/r=0.! and e/r=0.3. Cclumn of zeros
separates 8ll the 10x6 "blocs*.
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Ductility Rstios

Period Duct. Omega e/r With Without
Proposed Proposed
Scaling Scaling
.t 4 0.4 c.3 0. 48 3. 46
0.1t 4 0.8 0.3 0.62 2.32
a.1 4 1.0 0.3 1.00 1.00
0.1 4 1.2 Q.3 0.83 1.65
G.1 4 1.6 0.3 1.10 2.38
0.1 4 2.0 0.3 1.40 2.55
a.z2 4 0.4 0.3 0. 48 1.21
0.3 4 0.4 0.3 0.70 2.07

Table 5.7: Comparison of ductility ratios obtained with
and vithout the proposed scaling of the seiemic
excitetion to match the elastic responses.
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Reference Two Element Syaten
Weak Element Ductility Retio
Cage 1.0 Fy and 1.5 Fy
2 ¥Weak E1l. Ratio
Four Elewent Systems
0.4 0. 84
1} wsss HWSS WWWS 0.8 0.90
i.0 1.00
0.4 0. 81 0. 85 0.87 1.2 1.25
0.8 0.76 0. 88 1.02 1.6 1.80
1.0 0.91 1.06 1.1 2.0 1.94
1.2 1.17 1.34 1.36
1.6 1.37 1.64 1.63
2.0 1.38 1.64 i.68
¥ ]
Six Element Systems
Y WS5565 WWSS5S WWWSES WAWNNSS WRWWWS
0.4 . 88 0.79 0. 835 0.87 0.93
0.8 0.75 0.78 0.89 1.02 1.04
1.0 .89 d.98 1.08 1.14 1.10
1.2 1.13 1.27 1.39 1.43 1.30
1.6 1.22 1.56 1.71 1.73 1.58
2.0 1.26 1.54 l.64 1.76 1.55
Eight Element Systems
{t [WSSSSS55{KWSSSS5S | WRWWSSSSS | WHWWSSSS | WWWWWSSS | WWWWWWSS | WWWWWWWS
0.4 0.92 0.81 0. 81 0.84 0. a7 0. a8 0.96
0.8 0.74 0.77 0. 80 0.90 1.02 1.07 1.06
1.0 0. 86 0.94 1.0z 1.10 1.14 1.14 1.11
1.2 1.06 1.25 1.30 1.41 1.46 1.42 1.25
1.6 1.12 1.44 1.64 1.74 1.77 1.72 1.50
2.0 1.23 1.46 1.61 1.67 1.75 1.73 1.49
Table 6.1: Weak Elewent Ductility Ratios for Initially Symwmetric

Multi-Element Syatemsa; Equaly spaced Elements of Egual
Stiffness. Weak element (1.0 Fy} represented by W and
Strong element (1.5 Fy) represented by S.
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Reference Two Element System
Strong Elewment Ductility Ratio
Cese 1.0 Fy and 1.5 Fy
1] Strong El. Ratio
Four Element Systems
0.4 0. 39
f wsss WWss LS 0.8 0.37
1.0 0.73
0.4 0.55 0.61 0.66 1.2 0.69
0.8 Q.59 0.59 0.63 1,86 0. 34
1.0 0.72 0.57 0.35 2.0 0, 45
1.2 0.82 0.70 0.55
1.6 0.3% g. 34 G. 41
2.0 0.39 0.47 0. 49
Six Element Systems
Q wS5558 WWwssss WWWSSS WWWWSS WWWWWS
0.4 0. 55 0.57 0.61 .64 0.67
0.8 0. 66 0.55 0. 60 0.63 C.64
1.0 Q.78 0.68 0.57 0.53 0. 58
1.2 0.77 0. 80 0.71 0.61 0. 47
1.6 0.42 0. 37 0.36 0. 38 0. 45
2.0 0.37 0. 46 0. 48 G. 45 0. 76
Eight Element Systewms
f W5SS5555 | WWSS55555 | WWWSSSSS | WWWWSSSS | WHRWNSSS | WWWWWWSS | WHWWWWWS
a.4 0.59 0. 55 0. 58 0.61 0. 64 0, 66 0.68
0.8 0.69 0. 60 6. 57 0. 60 0.63 0.63 0.65
1.0 a.79 0. 74 a.65 Q0. 57 0.53 0.56 0. 53
1.2 0.74 Q.83 0.79 Q.72 0.65 0,54 0.51
1.6 0.42 0. 40 0. 37 a. 37 0. 38 0,41 0. 47
2.0 0.38 0. 40 0. 46 0. 49 0.47 0. 40 0. 350
Table 6.2: Strong Element Ductility Ratios for Initially Symmetric

Multi-Elewent Systews; Equaly spaced Elewente of Equal
Stiffnees. Weak element (1.0 Fy) represented by W and
Strong element (1.5 Fy) represented by S.
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Reference Two Elewment System
Weak Element Ductility Ratic
Case 1.0 Fy and 1.5 Fy
Q Weak El1. Ratio
0.4 0. 84
¢.8 0.80
1.0 1.00
1.2 1.25
1.6 1.80
2.0 1.94
Outside (edge!) Weak Element Ductility Ratio
K, /K. Values from l/16 to 4
i 1/16 1/8 1/4 172 1 2 4
D1 /D. value of 2
0.4 0. 88 i 0. 88 0. 85 0. 84 a. 84 0. 84 a. 84
0.8 1.03 1.00 0.97 0. 92 0.89 0,88 0. 88
1.0 1.23 1.18 1.15 t.10 1.06 1.03 1.02
1.2 1.65 1.57 1.49 1.41 1,35 1.30 1.28
1.6 2.22 1.98 1.85 1.74 1.65 1.73 1.75
2.0 2.43 2,21 1.95 1.81 1.80 1.81 1.84
Dy /Dy value of 3
0.4 1.00 0.93 0. 86 0, 84 0. 85 0.84 0. 84
0.8 1.14 1.04 0. 85 0.90 0.88 0.87 0.87
1.0 1.40 1.35 1.20 1.10 1.06 1.03 1.02
1.2 1.83 1.66 1.52 1.41 1.34 1.30 1.28
1.6 2.339 2.10 1.88 1.73 .64 1.63 1.70
2.0 2. 46 2,10 1.81 1,66 1.64 1.70 1.76
] i
D, /D value of 4
0.4 1.08 0. 95 0. 85 0. 84 0. 85 0. 84 0. 84
0.8 1.21 1.02 0.93 0. 88 a. 86 0. 86 0.87
1.0 1.60 1.40 1.186 1.10 1.05 1.03 1.02
1.2 1.86 1.65 1.50 1.40 1.33 1,29 1.27
1.6 2.46 2,06 1.84 1.71 1.62 1.60 1.69
2.0 2.43 2.02 1.80 1.65 1.57 1.66 1.74
Teble 6.3 Qutgide (edge) Weak Elewent Ductility Retioa for

Initially

Symmetric

Multi-Element Systems;
Stiffness and geometric diastribution.

Yarious
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Reference Tvo Element System
Weak Element Ductility Ratio
Case 1.0 Fy and 1.3 Fy
Q Weak El. Retio
0.4 Q. 84
0.8 0.90
1.0 1.00
1.2 1.25
1.6 1.80
2.0 1.94
r
[ Inside (near C.M.) Weak Element Ductility Ratio
K: /Ks Values from 1716 to 4
|
¢ 1716 1s8 1/4 I 1/2 1 2 4
£
D, /Do velue of 2
0.4 0.84 0. 84 .84 0. 84 G. 85 0.e4 0. 84
0.8 0.87 g. 86 0.85 0. 84 0. 83 0.83 0.83
1.0 1.03 1.02 1.0t 0.98 0,95 0.95 0.95
1.2 1.19 1.15 1.11 1,08 1.05 1.03 1.02
1.6 1.56 1.42 1.32 1.26 1.26 1,34 1.36
2.0 1.65 1.53 1.39 1.33 1.34 1.35 1.40
Dy /D, value of 3
0.4 Q.84 0.85 a. 85 0.85 0. 85 0.85 0. 85
¢.8 0. 84 0.82 0.82 0.82 a. 82 Q.81 0. 81
1.0 1.03 1.01 0.94 0.89 Q.88 0.90 0.982
1.2 1.10 1.05 1.02 0.99 0.96 0,95 0. 94
1.6 1.31 1.22 1.16 .11 1.08 1,186 1.21
2.0 1.33 1.20 1.14 1.09 i1.10 1.15 1,20
i
D; /D value of 4
0.4 Q.85 0. 85 0. 85 0.85 Q0,85 0. 85 .83
0.8 0.82 G.82 0. 82 a,82 0.82 0.81 .81
1.0 1.0% 0. 94 0. 88 0. 87 0. 86 0. 87 a. 90
1.2 1.03 0.99 0.96 0.94 0.92 0.91 0.90
1.6 1.20 1.12 1.07 1.04 1.0 1.09 1.15
2.0 1.20 1.11 1.06 1.02 1.00 1.07 1.12
Table 6.4: Ingide (near C.M.) Weak Elewent Ductility Ratios for
Initially Sysmetric HNuiti-Eiement Systemws; Verious

Stiffneee and geowmetric distribution.
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Reference Two Element System
Elewment Ductility Ratio
Cage e/r=0.3 and Tx=0.4

!
fl Strong 1 Weak
0.4 1.06 0.83
0.8 0.98 0.78
1.0 0.93 1.00
1.2 0.48 0. 89
1.6 0.38 1.53
2.0 0.53 1.88
i { ]
Four-Element Linear Stiffness Variastion Systemsz
Edge Strong Elewent Edge Weak Element
D; /Dp value D: /De value
f 2 3 4 2 3 4
0.4 1.09 - - 0. 74 - -
0.8 1.07 1.06 1.05 Q.74 0.75 .82
1.0 0.87 0. 82 .85 1.07 1.15 1.22
1.2 G.46 C. 44 c. 4! 0. 83 0.77 0.75
1.6 0.35 Q.32 G. 31 1.26 1.18 .17
2.6 0.54 0.51 0. 49 1.68 1.%6 1.53
Four-Elewent Step Stiffness Variation Systems
Edge Strong Elewent Edge Weak Element
Step Configuration Step Configuration
fl Single Double Single Double
0.4 1.10 - 0.68 -
0.8 1.06 1.06 0.72 0.76
1.0 0. 86 .89 1.05 1.10
1.2 0.47 0. 45 0,83 0.8z
1.6 0. 35 0. 35 1.20 1.20
2.0 0.54 0.54 i1.66 1.71
Table 6.5: Element Ductility Ratios for Initislly Eccentric

Hulti-Element Systems vwith e/r=0.3 and Tx=0.4;
Linear Stiffnese Distribution, Single Step eand
Double Step Distribution.
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Reference Tvo Element System
Element Ductility Ratio
Cage e/r=0.3 and Tx=0.4

Q Strong Weak
G.4 1.06 0.83
0.8 G.98 .78
1.0 0. 93 1.00
1.2 0. 48 0. 8%
1.6 0.38 1.53
2.0 0.33 1.88

Six~-Element Linear Stiffnese Variation Systems

Q Edge Strong Element Edge Weak Element
004 - -
0.8 1.06 0.74
1.0 0.%0 1.26
1.2 0. 44 0.75
1.6 0.30 1.18
2.0 0.52 1.53
| 5
| cH < Totally Irregular
] + < Four-Element Sysgtem
| ‘ < (Plan View)
1. 74K X K 0. 26K
2d €em-mmoommmmemeae f------ > d
d €~-~v--===
OI 2d<-—l
Totally Irreguler Four-Elewent System (one case!
Q Edpe Strong Element Edge Weak Element
C.4 1.02 1.14
Table 6.6: Elewent Ductility Ratios  for Initiaelly

Eccentric Multi-Elewment Systems with e/r=0.3
and Tx=0.4; Six-Element Systeme with Linear
Stiffness Distribution and Equally Spaced
Elewments, and One Case of Totally Irregular
(Geometry and Stiffness Distribution}) Four-

Eiement System.
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Elastic Buckling Element : Yield = Fy Buckling = Fy
Strong Elewent ¥eak Elewent
Ductility Ratios Ductility Ratiose
@ {Y = 1.50{Y = 2.00{Y = 2.50{Y = 1.50{Y = 2.00{Y = 2.50
B = 1.50(B = 1.00{8 = Q. 0 B=1.50{B = 1.00{B = 0.5
0.4 0.30 0.23 0. 41 0.45 0.56 1.10
0.8 0.30 G.22 0.47 0. 46 0.52 0.97
1.0 0.32 0.22 0.35 1.00 1.00 1.00
1.2 0. 25 0. 19 0. 358 0. 28 1.24 0. 83
1.6 Q.22 .18 0. 20 1.50 1.48 1.39
2.0 0.28 0.23 0, 21 1.56 1.65 1.19

Elastic Buckling Element :

Yield=1.25 Fy Buckling=0.75 Fy

Strong Element Weak Eiement
Ductility Ratios Ductility Ratioe
1 {Y =1.875{Y = 2.25{Y =2,625]{Y =1.875{Y = 2.25]Y =2.625
B =1.125{B = 0.73|{B =0.375{B =1,125{B = 0.75{B =0, 375
1
0.4 ( 0. 66 0. 46 0.52 0.92 0. 82 0.79
0.8 Q.67 Q. 60 0. 55 1.03 0.79 0.87
1.0 0.75 0. 57 0, 44 1.00 1.00 1.00
1.2 0. 37 0. 25 0. 41 1.60 1.21 1.25
1.6 0. 24 0.24 0.33 1.35 1.33 1.86
2.0 0.25 0.25 0.28 1.22 1.20 1.55
i i

Elastic Buckling Element ;

Yield=1.50 Fy Buckling=0.50 Fy

Strong Element Weak Element
Ductility Ratios Ductility Ratios
Q Y = 2.25{Y = 2.80([Y = 2.75(Y = 2.25|{Y = 2.50{Y = 2.75
B=0.75{B = 0.50{B = 0.25{B = 0.73{Y = 0.50{Y = 0. 25
0.4 .50 0.58 0.62 0.62 0.88 1,0t
0.8 0.55 Q0,68 0. 60 0, 66 0.72 1.0l
1.0 0. 45 0.40 Q.52 1.00 1.00 1.00
1.2 0.47 0.37 0.43 1.24 1.43 1.67
1.6 0. 40 0.32 0.31 1.27 1.70 1.98
2.0 0. 24 0.38 0. 24 1.18 1.58 1.93
Table 6.7: Element Ductility Ratio= for Initially

Symmetric Tvo-Eliement Braced Frame Systems
with Tx=0.4 sand Three Ceses of Weak Elementis;

Elastic Buckling Element Model.
B

Y =

Yield and

Buckling Stresses (Fy) of Strong Element.
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Physical Brace Elewment Model
Weak Element: Yield = 1.25 Fy Buckling = 0.75 Fy
Strong Element: Yield = 1.50 Fy Buckling = 0.50 Fy
Q Strong Elewment Weak Element
Ductility Ratios Ductility Ratioe
0.4 0.82 1.08
0.8 0. 88 1.13
1.0 0.89 0.99
1.2 a. 87 1.14
1.6 0.57 1.65
zZ.0 0.71 1.35
i '
Table 6.8: Element Ductility Ratios for Initially

Sywwetric Two-Element Braced Frame Systems
with Tx=0.4; Physical Brace Element Model.



- 202 -

Reference Two Element System
Elewent Ductility Ratio
Case e/r=0.3 and Tx=0.4

fl Strong Weak
0.4 1.06 0.83
0.8 0.98 0.78
1.0 0.93 1.00
1.2 0. 48 0.89
1.6 0, 38 1.53
2.0 Q.53 1.88

Elastic Buckling Element -- Initially Eccentric Systems

Strong Element Weak Element
Ductility Ratios Ductility Ratios
Q Y = 1.004{Y = 1.25({Y = 1,80{Y = 1.00{Y = 1.25{Y = 1,80
B=1.00{B = 0.753{B = 0.50{B = 1.00{B = 0.75{B = 0,50
C.4 0.61 0.95 0.63 0.59 0. 85 0.71
0.8 0.43 0.32 0. 69 0.98 1.04 1.00
1.0 0. 24 0.27 0. 37 1.00 1.00 1,00
1.2 0.22 0.20 0. 20 0.79 0. 74 0.76
1.8 0. 30 0.32 0.38 1.45 0.99 1.08
2,0 0. 26 0,30 0. 35 1.20 0.99 1.09
1 i

Physical Brace Element Model

Initially Eccentric Syetems

Strong Element Weak Element
Ductility Ratios Ductility Ratiom
0 Y =125 Y = 1.50 Y=1.25 Y = 1.50
B=0.75 B = 0.50 B=0.75 B = 0.50
0.4 0. 87 0.81 0.73 0.71
0.8 0.78 0.80 Q.48 Q. 83
1.0 0.91 0.78 1.00 i1.00
1.2 0. 47 0. 85 0. 88 Q.61
1.6 0.27 0.99 1.39 1.60
2.0 0.25 0.60 1.82 1.56
Table 6.9: Elewent Ductility Ratics for Initially

Eccentric Tvo-Elewment Breced Frame Systems

with e/r=0.3 and Tu=0.4;

Elast

ic Buckling

Element and Physical Brace Element HNodel.
Buckling Stresseg (in Fy) for
both Strong and Weak Elewent.

Y

Yield,
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Initially Eccentric Two-Story System ---- Kiae /Ksar = 2/3
Strong Element Weak Element
Ductility Ratios Ductility Ratios

Interstory Total Interstory Total

§) 0 to ! {1 to 2 Roof 0to 1 1 to 2 Roof
{0. 4) Q.33 Q.35 6. 19 0. 57 0. 45 0. 36
{G.8) 0.65 1.28 0. 84 2.36 g.95 1.37
(1.0} 0.61 0. 50 0. 49 1.35 0.82 a.79
(1.2) 0. 30 0. 33 0. 31 1.33 0. 39 0.83
(1.6) 0. 3% 0.16 0.24 1.75 0,51 0. 87
{2.0) Q.52 0.20 0. 34 1.83 Q.53 0.94

{ i i '
Initially Eccentric Two-Story System ---- Krgp/Ksar = 1/3
Strong Element Weak Element
Ductility Ratios Ductility Retios
]

Interstory Total Interstory Totel

{Q) 0 to ! to 2 Roof 0 to 1 1 to 2 Roof
(0.4) 0. 09 0. 55 a. 29 0. 41 0. 77 0. 39
(0.8) 0.25 2,52 1.26 0.67 3.14 1.72
(1,0) 0,13 1.08 0. 56 0. 350 2,035 0,98
(1.2) .10 0.81 0.43 0.24 1.32 0.66
(1.6) 0.17 0.81 0. 45 0.28 2.52 |+ 1.26
(2.0) 0. 20 0.53 0.33 G. 27 3.28 1.67

Rote: A2 explained in Chapter 6, the  presented here are

simply an indicator of the ratios of strong/weak
stiffness ratios on a given story; the relationship
is as follows:

Q) Strong/veak
Etiffness Ratio

(0. 4) 7.00
(0.8) 2.20
{1.0) 1.86
(1.2) 1.67
{1.6) 1.46

(2.0) ' 1.35

Table 6.10: Interstory and Total Element Ductility Retios
for Initially Eccentric Two-Story Systems.
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Initially Symmetric Two-Story System ---- Kros/Kagr = 2/3
Strong Element Weak Element
Ductility Ratios Ductility Ratics
Interstory Total Interstory Total
Q) 0 to 1 ! to 2 Roof g to 1 1 to 2 Roof
(0. 4) 0.37 0. 66 0.75 0.41 0.9 0.83
(0. 8) 0.33 0.82 0.79 0.81 0.72 0. 86
(1.0) 0. 37 0.63 0.76 0.99 1.60 0.99
t1.2) 0.33 0. 61 6.71 1.08 1.05 1.30
(£.6) 0.28 0.27 0. 44 i.14 1.36 1.20
(2.0) 0. 20 0. 29 0. 37 1.28 1.23 1.26
Note: As explained in Chapter 6, the I presented here are

simply an indicator of the ratios edge distance
over redius of gyration (d/r) vhich is constant
here for both storie=zs.

Table 6.11: Intergtory and Total Element Ductility Ratios
for Initially Symmetric Two-Story Systems.
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[RREGULAR CONFIGURATION SYSTEM

x

T —
/u"\
T~

K/&

Irregular Configuration System

Interstory Ductility Ratios

- Ground teo First Story
Ductility Ratios

First to Second Story
Ductility Ratios

Design Line (/Stiffness)

Design Line (/Stiffness)

1 2 3 1 2
K Kr2z K76 K K/6
1.58 G. 74 i1.76 0.31 1.33

Total Ductility Ratios

Top of Second Story {(roof)

Design Line (/Stiffness!)

)3 2
K K/6
0.92 0. 49

Table 6.12:

Ratiasg far

Two-Story

Irregular Configuration.

Syatem

Interstory and Total Element Ductiliﬁy

with



FREQUENCY: RELATING TRUE TO UNCOUPLED

5.00
s
4.00 - 1.9~
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©
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:
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v
- 1.00
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0.0 0.5 1.0 i.6 2.0

| Uncoupled Omega a

Figure 2.1 Relation Between the True and Uncoupled
Frequencies as Expressed by the Omega Ratios
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Mode shapes 1&w/ ¢

TRUE MODE SHAPES

1059 .
i Values of e/r = 0.05, 0.25, 0.5 and 1.0
1o _ 0.05
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10 ~*= ~ ~ <
] ~
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- .
B ~~ 005
\‘0—
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| Uncoupled Omega o

Figure 2.2 True Mode Shapes in Function of the Uncoupled
Frequency Ratio
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OMEGA (MASS) vs OMEGA (STIFFNESS)

9.00 A

1.75

M
>
o
o

]

Omega (mass)o

0.05
1.00

0.00 1 1 L) i T T
0.0 0.5 1.0 1.5 : 2.0

Omega (stiffness)  a,

-

Figure 2.3 Relation Between the Uncoupled Frequency Ratios
Derived Around the Centers of Mass and Stiffness
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REDUNDANCY AND ACCIDENTAL ECCENTRICITY

Figure 3.1 Effect of Redundancy and Code Specified Accidental Eccentricity on
Element Design
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Two-element Systems

l

|

i

|

Equal stiffness elements

Unequal stifiness elements

i
=

If

C.M.#C. 5.

IE
C. M. =C. 5.

|

Non simultaneous
Yielding

|
Simulitaneous { Realize it

Yielding :

{

I

£

Eccentricity
in non-linear
phase of
response

Symmetric
far
multilinear
modele

Model Dependency

i
Masse eccentric system j
3

o m e i

l

Do not
ftealize it
or neglect it

If C.H.#C.S.
Uncontrolled
Behavior

.

-
;If we can
Iprovide
1C.H.=C.S.
L

If C.H.#C.S;}

Stiffness
Eccentric
System

‘ !

i

Torsionally Coupled Systems

I

|

!

Static Analysis Nethod

Dynamic Analysis Methed

l

For fixed geometry and location
of C.M., distribution of force Elastic
among elements ig the =ame '
{independent of eccentricity)

Not a good control on behavior

[

]

Inelastic

1

Model Dependency

Figure 3.2: Poesible Design Optione for a Two-Element System
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EQUAL STIFFNESS

Egual stiffrness

v Z{R) &

Thus simply:

&

0.5 V/K

Figure 3.3 Edge
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BV/K SY /K
l J = H -
A Ty e
K K + 2K
V

Unegual gstiffness

I-ESV/K

UNEQUAL STIFFNESS

¥=HK &
i 3
K=1{23 0. 5h | K
t 0.5h 0O.75h® i
r 1
K-* = | 0.375 -0.25/h | 4
{-0.25/h 1.5/h% { K
F A— cned
[ = F‘ B
6 =K' | V[ =] 0375 [ ¥
[ O | [ -0.25/h | K
e eed j - ]
SLcer = &, -(&awh/2) = 0.5 V/K
Snraur= &, +{baxh/2) = 0,25 V/K

Note:

Degrees of freedom are

taken ss8 translation (1)
and rotation {(2) around

center of mass.

Displacements from Static

Coneidering Equal and Unequal Elgement Stiffnesses

Analyses
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ELASTIC TIME HISTORY - Strong Element 1.5 k (Tx=0.1, p=4, {=1.6)

0%
5 0o
§; 0.0 MWW«wMM{WWmW"JW}MMHNWWHMM%
A az |
-
T T T " "

Tire

~—— Strong Elem. Stiff. = 1.5 k
——-- Weak Elem. Stiff. = 1.0 k

INELASTIC TIME HISTORY - Strong Element 1.5 k (Tx=0.1, p=4, (1=1.6)

075
o
g
S 0B
=1
-]
E
S om
=
Ay
A a3 |
-
-QE A i 1 1 L i
0 2 3 g 12 15
Tire

Strong Fiem. Stiff. =15k
-~~~ Weak Elem. Stiff. = 1.0 k

Figure 3.4 Elastic (top) and Inelastic (bottom) Analysis of
A Structural System Having One Element 50% Stiffer than the
Other (Yigld Displacement = 0.12 units)



BACK onr STRONG or STIFF THO~ELEMENT MODEL

— AN BN

FRONT or WEAK or FLEXIBLE
COMPUTER MODEL = PHYSICAL MODEL

- m A G e TR R R S M S W S A en Fm R R W GmYER R MR e ST dm W S S MmN W ATed I G G- ee e e eR A TR G A S R e S e dmn sem ema e w

ELEMENT MODEL 1 ELEMENT MODEL 2

INITIALLY ECCENTRIC INITIALLY SYMMETRIC

Figure 3.5 Element Models Used for this Research Program
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ml C. M. w W C. M. m
ke e v B T B
fg% C.s. m ﬁﬁ C. 5. m
i i W &
Geometry T Geometry IX
Assume in this example (for simplicity) that all

elements are bi-linear with no strain hardening.

Now, we want the two systems to have the same wx . Wy o Wy,
we ', (es/r) and (e’/1).

Therefore:
]
wx?y = K, _* ke = wn®2 = K,_+ Ko l
m M i Thus k,/m = K, /M
; and kKeg/m = Ke/7M
wx®s’ = ky/m = w3z ’= K. /H [
_____ i
We 1 = e z 1mplies [(K, *Ka)/"](dz/re]e = [(kg*ka’/m][dt sy 1¢
and therefore d; /ry, = da/re = D = constant

{Note that d/r is wore restrictive than e/r in general. If
the center of mass 1is8 not equidistant to each element, we
will have different values of d,’s (i being index for i1-**
element), and thus different D, ’s too, whereas the e/r values
may be s=imilar. Also, the D value for a system is constant
even through the different yielding phases, whereas (e’/r)
will vary with the ianstantaneocus eccentricities e’.)

Numerically, the above has heen verified for large
values of inelastic dewand and all systems produced similar
results. For example, for a system with period of 0.1

seconds, (e/sr)=0.3, {I=O.5, one element yielding at Z28.8 ksi
and the other at 36 kai, 0.005 strain hardening, 2% damping,
excited by the first 13 seconds of the N-5 component of the
1940 E1 Centro record (scaled arbitrarily +to produce
excessively large displacement), wve obtained the following
digplacement:

Ca=ze 1: d=50 {e=30) r=100 D=0.5

Case 2: d=100. (e=60) . r=200 D=0.5

Max. Response: First element: 1.429 Second element: 4.324
{both systems) (&y =0, 0396) (&, =0, 12}

Figure 3.6: Example of Geometric Independence
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1) Initially symmetric gystems with following properties:

wx 2 = 800 wae?* = 400 (e/r)=Q

A) Two-element system:

ﬁ C. 858, ﬂ Only one
m C. M. ﬁ possible
ki ﬁ + ﬂ ke golution:

m % ps = {drsr)¢ = @G.5
w .

B) Four-element gsystems:

de de
frmmmmmmmeeeee frmmommmmomeees !
d, dt

Collapsible to
a three element

H
B
Ko K, ﬂ Ka system 1if D, =0
£
|

ERERERCREN
=
SRERERIS
+
==

The effect of parametric variations on D, and D, is plotted in
part b of this Figure.

2) Generally eccentric twa-element esystem with following
praoperties:

m=10 (to express gtiffnesges in numbhers insgtead of ratiosg K/ /M)
wyg 2 = 400, we?® = 43,2 (e/v)=0.3

If thé center of mass is not within the resisting element, but
lies on the outgide of both element:

d,
de
fommmmmmmes f
Parametric
: variations
C. M. are plotted
ky H ko * in part ¢
of this
Figure.

Figure 3.7a Geometric Dependence Example=s
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Stiffness of Interior Elements in Four Element
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Unconstrained Two-—Element System

4000

3000

K/in)

~"2000 -

Stiffness

0.3 ~

Figure 3.7c Stiffness and Geometric Dependance for an
Uncontrained Two Element System with Center of Mass Lying

Outside Both Resisting Elements
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TIME HISTORY - Front Element 0.8 Fy (Tx=0.1, p=4, 0=1.6, St.H.=0.5%)

1.00
il ,\hﬁrWﬂwwlM‘w'le
7 0.50
E
g
g 0.00
3
a -o0.50 |
-1,00 L : : .
0 3 6 9 12 15
Time

Front elem,
Back elem,

TIME HISTORY - Front Element 0.8 Fy (Tx=0.1, u=4, 0=1.6, St.H.=5%)
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~ 0,50
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- m s
8 0.00
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Time
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cieiees.. Back elem.

Figure 3.8 Investigation of the Effect of Strain Hardening
on an Initially Symmetric System (Case 0.8 Fy and Fy - Yield
Displacement of Front Element = 0.096 units, Back Element =
0.12 units)




Displacement {units)
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Time

Front elem,
Back elem,

TIME HISTORY -Stiff, ecc. #2,
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Displacement (units)
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Angle (rad.)

0,012 |

-0.024

-0,036

5% S.H,
PR N - M

Time

Figure 3.%a

in Strain Hardening Increases the Response (Yield Displacement

Illustration of a Case of Initially Eccentric System where an Increase

0.12 units)
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TIME HISTORY -Stiff. ecc, #1,

% Strain Hardening

TIME HISTORY -Stiff, ecc. #1. 0.5%4 Strain Hardening

Figure 3.9b
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Illustration of a Case of Initially Eccentric System where an Increase
in Strain Hardening Decreases the Response (Yield Displacement = 0.12 units)
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TIME HISTORY - SYMMETRIC (Tx=0.1, p=i, [1=0.4)

TIME HISTORY - Front Element 028 Fy ({(Tx=0.1, u=4, 01=10)
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Figure 3.10a
Symnmetric System {(Case 0.8 Fy and Fy)

Inertia (Yield Displacement of Front Element =

Effect of Change in Rotational Inertia on the Response of an Initially
- High Omega Values Correspond to Low Rotational
0.096 units, Back Element =

0.12 units)
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Weak Element Ductility Ratios
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Figure 4.15 Global Graphs of Element Ductility Ratios for
Target Ductility of 8 and El Centro Earthquake Record
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Figure 4.17 Mean and Mean-Plus-One-Standard-Deviation (Five

Earthquake Records) of Weak Element Ductility Ratios for
Target Ductility of 4 (Grouped by Yield Cases)
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Strong Element Ductility Ratios
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Figure 4.18 Mean and Mean-Plus-One-Standard-Deviation (Five
Earthgquake Records) of Strong Element Ductility Ratios for
Target Ductility of 4 (Grouped by Yield Cases)
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Figure 4.20 Mean and Mean-Plus~-One-Standard-Deviation (Five
Earthgquake Records) of Strong Element Ductility Ratios for
Target Ductility of 4 (Grouped by Omega Values)
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Figure 4.22 Mean and Mean-Plus-One-Standard-Deviation (Five
Earthquake Records) of Strong Element Ductility Ratios for
Target Ductility of 8 (Grouped by Yield Cases)
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Figure 4.23 Mean and Mean-Plus-One-Standard-Deviation (Five
Earthquake Records) of Weak Element Ductility Ratios for
Target Ductility of 8 (Grouped by Omega Values)
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Figure 4.25 Maximum Angular Response of Systems for Target
Ductility of 4 and El Centro Earthquake Record
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Figure 4.27 Mean and Mean-Plus-One-Standard-Deviation (Five
Earthquake Records) of Gyration Radius Multiplied by the
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Figure 5.15 Mean and Mean-Plus-One-Standard-Deviation (Five
Earthgquake Records) of Weak Element Ductility Ratios for
Target Ductility of 4
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Strong IKlement Ductility Ratios
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Figure 5.17 Mean and Mean-Plus-One-Standard-Deviation (Five
Earthgquake Records) of Weak Element Ductility Ratios for
Target Ductility of 8
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Figure &.1: Inelastic Truss Element Model with Elastic Buckling
(Yielding in Tension, Buckling in Compression) - From
Mondkar & Powell (1975)
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(b) Basic Behavior of a Brace associated with each Zone
Figure 6.2: Physical Brace Element Model - From Mahin & Tkeda (1984).
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Appendix A:

Expansion of the step-by~step method for torsionnally coupled
syetem:

A Nevwmark B-vy step-by-step method at a given step is usually
described as followse (see Clough & Penzien (1975) (R?] for
derivation of this results):

K (L) » Avi(t) = Ap~*{t)

where
Kr (e) = K(r) + 1 m + Y e(t)
(BlAt)2) {8 At)
and
Ar~ (L) = Ap(t) + m i vie) + 1 vit)
BAL 28
+ oty (Y782 ¥(L) + At (yr/28 - 1) (L)
L
For Constant Avereage Acceleration Method: 8 = 1/4 & v = 1/2
(Unconditionally stable method)
For Linear Acceleration Method: 8 = 1/6 & v = 1/2

Once Av(t) has been found, all other guantities can be
easily calculated. For example, for the linear acceleratiocn
method, we would get:

ALY = 3  Auv(t) - 3 v(t) - _At  U(t)
at 2

vIL+AL) = vlt) + Avit)

TGL+AL) = G(t) + AUCL)

and U(t+At) 18 calculated from the condition of dynamic
egquibrilium at time C+AL

VCLt+AL) = m-* [ plt+At) - fp (t+ALt) - f (t+At) 1
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Specific Case o©of Two_ DOF Regponse for Torsionnally Coupled
System:

As demonstreted previously, for =a +tvo DOF torsionnally
coupled system, with the degrees of freedom located at the
center of mass, the mass and stiffness metrices can be
expanded as follow:

4] K Ky Kve

mre Ky e K,

"

o=z

and for typical Rayleigh Damping
Ctt) = a M + b K wvhere K, i8 the initial stiffness
When yielding of an element occurs, the state of the system

is changed. In this case, the mass and damping matrices will
not change but the stiffness matrix will.

Typically, the tangeant stiffness can be expressed as follow:

K. = Ky’ K:'e*
Ke ‘e’ Ke *

vhere the primes (‘) indicate
instantaneous properties!

Substituing this into the step-by-step equation, we get:

Ko (t) = Ky’ Ke ‘e’ + (C., + a Cg)

0
K; ‘e‘ K. : mrﬁ
+ b C: Kx Ky e
Kxe Ko
where C, = 1 and Cp = vy /7 (BAt)

Blat)*®

are constants dependant on the Newmark method used.

Thus,
K*{t) = Ky’ + Ca K. ’e’* + B,
Ky’e’ + B, Ko’ + CQ
wvhere Ca (C. + a C.’ m e+ b C. KI

(€, + aCa) m +» b Ca K,
bC K« €

o
noan
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We can similarly expand and regroup the second term:

Ap* (t) = Ay, (t) + m C[(Bq+B )V, () + (B, +B, )Y, ()3
‘ Ap,; (L) mr2 L (B, +B, ) V3 (t) + (B, +B,; )V, ()1
+ Ky {By [V, (EI)+evs ()] + By [V, () + el (L)1}

KQ {B. E(KxE/K.)G‘ (t)""\'/z (e)l + BgC(Kxe/K. )U‘ (t) + \-.;3 <t)l13

Thus,
Ap' t) = Ap‘ t) + m Cg e Kngo ()
Apa (L) mrcC, (t) KeCss ()
where o ‘
B, =1 / BAT Be = va 7 B B, = Atf{(y/28)-11a
B, = 1 / 26 B, = vb / B B, = &tl(y/28)-113p
Ce (L) (B, +Bo)v, () + (By +B; )y, (t)

C9 (t) = (B¢+B5)\.); () + (B;""Bv)‘(}z (t)
Cio(t)= B[V, (t)+evz ()] + By (¥, (t)+ey, ()]
C“(t)= Ba[(KuE/Ko )9\-}; (t)+{73 (t)3 + Bg[(KxE/KQ)v; (t)+vz (X1

Now solving for a particular step of the step-by-step method,
we will get:

Avit) = Av, (t) = [K*C(t)1-t Ap~<(t)

OHvz ()
(K" ()3-* = 1 Ko’ + C4 -(Kx ‘e’ + B,;)

DET sym. Ky ' + Cy)

DET = Ky "Ke” + CaKoa’” + Ky 'Cu + CCi - Ky'e72 - 2Kgx 'e’Bs - By ®
DET/(m® %) Wy ® "woe? 7 :

(C, +aCa+bCon ® Jwe 2

£C, +aCs +bCa we & Jux 8 s

cC; +aC3 +bCawe 2 ILC, +aC, +ng wx® 3
wx "te’/r)s.

- Z2uxfux® (e’ /rIte/rIbC,

= bPCuy (e/x)?®

T+ + + W
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DET = m2r®t functionfwx ,we ;(€/r),wy ",we "y (e’ /r)]

And mnow,

Ay, (T) = 1 [Ke "+Cq JAP~, (T) - [Kx "e’+B, J&p*; (T)
DET

Avy () = 1 LRy *+C; 1ap"a () = {Ky ’e’+B, 14ap~, (t)

DET

Expanding these wvalues:

[RKx 'e?+B3 ] = mr [wx® (e’ /1) + bCrux? (e/r)1

{Ky "+C, 2 = m {wy?’” + C,+aC; +bCruwx?®3]

[Ke +C¢ 3 = mr? fwe?’ + C, +aC; +bC,w¢?1

Apr, (L) = m {Aﬁ,(t) + (B, +B.Jivy (v) + (B;+B7)ﬁ;?t)

+ W 2lB, (U, (L)+Ce/TI)rv, (L))
+ Be (U, (pI)+(e/)rU, (L)1}

Ap”~a (T mrr [ (By+B.)rv; (t) + (Bs +B; )ri; (t)
+ B. (mx’(efr)\'h (t) + m.’r\}: (e))

+ B luyg ¥ Cesrli, (L) + we?®ri; ()]
if Apy (&) = mU, (&) and Ap; (t} = O
By doing the direct combination of the terms above, we

demonstrate that the terms Av, (t) and rAv; {(t) are a direct
- function of the following variables:

Av, (T} = functionlfwx? ywe? (/) ,ux? 0 * ", e’ /r) AV, (L),
Ty (L) ,05 (L), U, (L) and ry; (t)l
ravy (t) = funcrtionluvx® ,we®,(e/rI),wx®’,we? ", (e’ /1) AV, (£),

Uy (L) ,¥V5 (T), U, (£ .and rU, (£) 3

This implies that if two systems have the same initial
properties wy?, we*, and (e/r), are mocdelled with the same.
Rayleigh-type damping, and are submitted to the same
earthquake excitation, din order for them to have the same
dynamic response v, {t) and rv; (t) (evenn in the inelastic
range), they must change to the same tangeant properties
wx?’, We?*’, and (e’/r) simultaneocusly all the time. This can
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be achieved only if both systems are of the same type of

element madeling with same defining parameters (strain
hardening, etc.).

It is interesting to assemble the equations for the second
response parameter (i.e. rvz;(t) J.

There is no loss of generality in neglecting damping for that
purpose, and it will greatly simplify the final expression.

Thus, we obtain:

rsz (t) = rcw: 27’ & Cg J qu vz (t) + B; rU-_- <t)] P_]I
’ ~wy 2 '(atr/r) (AU, (£) + B4‘_\-’_g (g) =+ Bsil (el {
§ W 2 "wWe®’ + Ciflwg?2’+we27’1 + C,; 2 -_mx‘(e’/r)a f
| S— -t

It is iIinteresting to note that if we set the dnitial wvalues
of U, (e) = V() = H,(£) = T(t) = O, then we have the
simplified hypothetical result :

rav, (v = “uy 2 'te’/1) av, (t)
(Bxa ’m.” + Cg me”"'m.”} + C;’ - h)x‘ (e’/r)'
= -Ce /) AV ()
we?? + CL1+0Q,272 + [Ci?/wx?7’) -~ Wy "C(e’/r)2
where (7 = {(w, "/wy ')
and Ste > = Qo if the two resisting elements are

eguidistant to the centey of mass.

Therefore, it 1is apparent that an increase in (e’/r) is bound
to increase the torsiommal effect as the numerator increase
and the denominator decrease in the previous eguation.

It also appears that an increase in w, ' will decrease the
torsional respomse. This can be done by Hdncreasing the
torsional stiffness Ke. One could be induced teo think that
reducing the mass rotational inertia could also ke an
affective way to modify we. ’ but one must not only realise the
difficulty in controling the term mr? in practice, but more
important, the fact that reducing r actually affects more the
term (e’/r) on the numerator than the term mr? in the
denominateur.
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The effect of chandging the freguency wx * is not as clear. By
doing a partial derivative of the denominator (in the case
where I, = (l4), we get:

o (Denaominateur) = (C,f4+C, we? ’) S (1/wy2?) - (@?/Y32d Cuwx?’)
o wx?” . o Wx"’ : o lﬂx"
= =(C ¥ 4C,wa?’) - (e’*/r)¥
u.),.-,"

Therefore, it seems that an increase in wx?’ will decrease
the denominator, and therefore increase the torsional
response rv,; (t)h. Thus a high freguency (low period) system
is expected to have a larger torsional response!
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