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-built structures 1
oaCT: For as » COmplete structural symmetr
Yy 18 rarel if
mﬁd‘ Evenlind nomi::ily s:lymmetric Structures, variability in sggengt‘:vzzzl
of the load TIes ng elements, as well as the non-structural elements. tends

’

accidental asymmetry. Any such asymmetry, even though small in nature, will

~roduce

to P

prodﬂfe coupling betwe:n itlr'attlslatii::ul:ml and torsional response, which can have a
ant effect on S€ smic behavior. Problems arise when one attempts to define an

sigtliﬂ°
awropria
sumtures .

te design excitation for the torsional response of such nominally symmetric
Furthermore, in instances where significant diaphragm flexibility exists,
substantial computational advantages in retaining the nominal symmetry of the

there are
structure in the analytical model. Approximate decoupling techniques address both of
lysis/design problems by defining appropriate rotational design excitatioms

these and
for @ numer

sre then com
ro obtain the total response.

BACKGROUND

It has been demonstrated by a number of
{nvestigations (Kan and Chopra, 1977;
Tso and Dempsey, 1980) that the coupling
associated with even small structural
asymmetries can produce significant
torsional seismic response, even in the
absence of any rotational ground motion
components. The extent of coupling of
torsional and translational response,

for rigid-diaphragm structures, depends
both upon the degree of eccentricity

between torsional and translational

::“ﬂl response frequencies.
" _f_“fther demonstrated that rigid-
&z&rﬂg structures can be approxi-
mu:“' coupled, both in the linear and
the_mlr_fﬂsponse ranges, assuming that
fotatq, 1yst appropriately "corrects" the
onal excitation for coupling

Bk, (208 and Huckelbridge, 1984;
_ stm:““ and Lei, 1986).
aen. . C-ural diaphragms with larger plan

~ 88pect
Mt ~ Tatios, or with significant

fationg, not
g 1Y satisfy the assumption of
.Y+ For structures containing

O di"‘mrm , taking advantage of

S Symmetry, or near-symmetrii

jcally decoupled, antisymmetric, torsional response model.
bined with those from a decoupled, symmetric, translational response model

These results

not necessary, for an effective seismic
analysis. For any such decoupled analy-
sis, however, one must define an
appropriately '"corrected" rotational
excitation for the antisymmetric or
torsional, response model.

Previous investigations (Huckelbridge
and Kannan, 1984) have demonstrated that
in the linear response Tange, where
principles of superposition may De
assumed valid, one can indeed perform
such an approximately decoupled analysis

with quite reasonable accuracy. The
tigation was to

ascertain whether similar decoupling

techniques could be extended to the
nonlinear response range, where
not

principles of superposition are

readily justifiable.
STRUCTURAL MODEL EMPLOYED

To investigate the effectiveness of
ing techniques for

approximate decoupl

tll?lz nonlinear response of fle:;ibie
ijaphragm structures, the simple

i BT model shown in Figure

end-sprung coupled
1 was utilized. The approximately

| isymmetric
decoupled symmetric and ant
versions of the model are indicated in

Figure 2.
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¢ flexible supports. Increasing valyeg of
F‘ S _“*1 the parameter B8 thus indicate moré
K2,R2

nearly rigid diaphragms. It has beep
previously determined for the 1in€ar

response range, and verified ip thig

sl
ASPR
KIIRI

study for the nonlinear response range
)

that values of B'" greater than 10 to 20

= represent diaphragms which may . i
X el rlglds T ?
g reasonably assu g 20 s

me
feel for what might constitute
flexible diaphragm, g - 8solid. NOTma]
FIGURE 1:Coupled End-Sprung Diaphragm weight concrete slab, 30 feet (9p) f

width, 60 feet (18m) in length and ¢
inches (.15m) in thickness,

Ssupported 80 48 to have g "rigigq
X iaphragm" natural period ¢
CFAC g diaphrag o 0.1
= = e seconds, would correspond approximately
. EO s B svalue of 105 . To be considerey
flexible, therefore,

a diaphragnp would
need at least some of the followip

attributes: large plan aspect Patio o
significant perforations, Stiff

supporting elements and substantial
self-weight. |

=

CHARACTERIZING ACCIDENTAL ECCENTRICITY

: Unintended asymmetry may arise due tg
XEJ unavoidable variability in either the
mass, stiffness or strength distributiop
in the as-built structure. For thig

FIGURE 23 Approximately Decoupled study two eccentricity sources were
End-Sprung Diaphragm considered: unbalanced stiffness and
unbalanced strength in the supporting
The diaphragm itself, modeled by 2-D elements. Obviously the 1latter effect
quadrilateral membrane finite elements, is not a factor unless the Structure
was assumed to behave linearly.  -The exceeds the linear response range. The
supporting spring elements were assumed discrepancy between the stiffnesses or
to behave in an elasto-plastic fashion. strengths of the two supporting Ssprings
Thflil%l; El Centro N-S ground motion was was assumed to be 30% (i.e. I{2 = 1..31(1
ut zed for the study. Su orting ele-
ol hrences (Rl’RZ) Potigron, sl or R, = 1.3R ), which was felt to be
levels (K ’KZ)’ as well as diaphragnm reasonable wupper bound on accidental
flexibility and aspect ratio (ASPR) were i o astumption produces an
varied as discussed in the following actual eccentricity,e, (distance between
sections. center of resistance and center of mass)
equal to 6.5% of the diaphragm length.
QUANTIFYING DIAPHRAGM FLEXIBILITY Earlier studies (Huckelbridge and Lei,
1986) indicate that if significant
To °yStematically study the effect of =~ Inelastic excursions occur, strength
diaphragm flexibility on i Sort af eccentricity becomes the more important
Structural ERRROnNe, it is  fieat factor in torsional response due to
necessary to define some - effective translational ground motion.
measure of that flexibility., One
convenient , dimensionless diaphragn SCOPE OF THIS INVESTIGATION
flexibility Parameter, utilized 1in
Previous work (Huckelbridge and Kannan (o this study, values of the squared
' ; frequency ratio, 8 , between 1 and 16

where selected. (Values of B greater

natural frequency of - tha flexible than 16 would essentially correspond to
diaphragm on rigid supports to e rigid diaphragm behavior.) Supporting
Squared natura]l frequency of g, mass element stiffnesses were selected so as
“équivalent rigiq diaphragm on the to produce a fundamental translational

frequency of 10 hz, assuming rigid
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wblm" ior. Aspect ratios of
i;giﬁﬁ?pggre examined, producing

. *: fm ra tios of fundamental
B frequency to fundamental
f’.{ﬁijffffgi _reapectively- Supporting
B 14770 oth levels were selected so
chieve a wide range of dis-
faf"ductility demand 1in  the

' elements . Corrected
excitations for decoupled
models were determined by

nti87 - otal response results with
#walfrﬂn couPIEd analyses, PO both
' ot sccentricity. Ihe response
tched were peak displace-

l1inear response range and
gent ;;gplacement ductility demand in

k onse range. The
| near TresSP

Eﬁ _. nor:-:e decoupled rotational
,PgroP?i_on was defined as a dimension-
exﬁi_t‘trtection factor, CFAC, multiplied
1essh.c0-“tiﬂ f translational excitation
bY t .].{ € .

RS g/

RESULTS

linear Tresponse range, Wwhere
e anition of results from decoupled
ﬁ;:osii: valid as long as the coupling

offects are accounted for, there is a
relatively small amount of scatter 1n
che comparative response data from
coupled and decoupled analyses (Kannan,
1984) . The resulting rotational
excitation correction factors, CFAC,
shich approximately match coupled and
decoupled responses 1in the linear range
for a stiffness—produced eccentricity of
065L are shown in Table 1.

In thenonlinear response range there'is
substantially more  scatter i o Lhe
rotational excitation correction factors
required to match peak displacement
ductility demand with the corresponding
coupled analysis. This result is hardly
surprising given the lack of rigorous
justification for superposing results in
‘_‘1'_1'&&5&- of response. For a wide
fange of displacement ductility demand
“i'lm, however, it does appear possible
m_u“buﬁh reasonable upper bounds on
the required rotational excitation
®rrection factor such that observed

hd . | thilit demand values are

d, given the specific values of
st BTN parameters
| ERiity, aspect ratio, f lexi~
e A typical ensemble of

| ;f . ‘C ﬂhﬂa rved coupled duct 11ity

__________
- e AL T o, Lt e ]
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BEE 13 Rotational excitation

c
orrection factors; linear response
With eccentricity = .065L
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FIGURE 3 Typical ensemble of CFAC
values  for @& given set of response

paramete rsS .

demand values for all observed levels of

ional

the required rotat
s RS ection factors, CFAC, fOF
hown in Table
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TABLE 2: Rotational
Correction factors:

range with rigid diaphragm behavior

ASPR K, /K Ryf8s . CFAC
2 1.3 1.0 241
4 1.3 1.0 . 274
6 1.3 1.0 .274
2 1.0 1.3 372
4 1.0 Le3 463
6 1.0 1.3 «222
2 1.3 1.3 . 387

4 1.3 is d . 505

6 1.3 Lo .358

The influence of diaphragm flexibility,
for the end-sprung diaphragms studied,
did not appear to be significant. No
substantial increases 1in excitation
correction factors were observed as

20LZ. There was no consistently
decreasing tendency in required
correction factors as the flexi bility

increased, as had been the case in the
linear response range. It would appear,
therefore, based upon this study, that
the rigid diaphragm excitation factors

could be conservatively utilized for
flexible end-sprung diaphragms.
CONCLUSTONS

In the nonlinear response range,
substantially larger rotational
excitation correction factors are
required than for corresponding cases in
the linear Iesponse range. In the
nonlinear response range, eccentricity

in strength distribution appears to be
more significant than eccentricity in
stiffness distribution. Diaphragm
flexibility, for slightly asymmetric end
Sprung diaphragms, tends generally to
reduce the required torsional excitation
correction when compared to
those required for rigid-diaphragm
behavior. (ap earlier study (Kannan,

1984) however, indicated the opposite

trend for Center-sprung or core~

supported diaphragms, at least in the
linear response range, )

diaphragms, which tend to have torsional
résponse modes higher in

For end sprung

frequency than

the corresponding translational response
modes, the reduction 1in required
excitation correction factors due to

excitation
nonlinear response

170

antisymmetric excitation.
imply, however, that effect
diaphragm flexibility is not ulte
significant 1in determining the
seismic response; this responge
itgell can only be estimategd
subsequent approximately
analysis performed.
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