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Wﬂc reponse 1is described.

1asti
imi::rati‘m elastic modal analysis, where the stiffnes
:dol js varied in accordance with the ductility demand
1 IWCTION

1n the seismic analysis of many types of
buildings, the dictates of prudence, as
well as the code, require that one make a
¢u1] three dimensional or torsional
analysis of the structure. Yet, even for
an elastic analysis, the models can become
very large and expensive to run, while an
elastic-plastic analysis is out of the
question for many structures. The
analysis method described in this paper
(Tam 1985) provides an efficient procedure
for determining the elastic response, as
vell as an approximate non-linear elastic-
plastic response of a structure useful for
predicting the ductility demand and the
ﬁwlmnts. It is a combination of an
elastic torsional response analysis in
;liich the floors are assumed to be rigid
r;‘f:“m. so that the dynamic problem is
ﬂuo:d to three degrees of freedom per
mtl(hcxenzie 1974), and the modified
erren e Structure method (Yoshida 1979,
n 1981, and Hui 1984) .
"thoalr:: modified substitute structure
utl.uu.’ been shown to provide good
bui]qy v qf the ductility demand in plane
W'ﬁl The method is an iterative one
mw:itic modal analysis and the
MO0 14naqst C TUM approach to predict the
r\mt Or plastic reponse of the
i Since it uses modal methods

full elastic-plastic
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. An efficient three dimensional method of anal
The method uses three
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degrees of freedom per storey and
S and damping of the elastic

eccentric five storey frame buildings and
five storey coupled wall buildings. The
results of the analysis have been compared
to those obtained with the program DRAIN-
TABS, which makes a full three dimensional
elastic-plastic time-step dynamic
analysis. The comparison shows very good
agreement in both displacements and
ductility demand between the proposed
method and the average DRAIN-TABS results
for four different earthquake records.

2 MODIFIED SUBSTITUTE STRUCTURE METHOD

The modified substitute structure method
is an extension of the substitute
structure method originally developed for
the design of concrete structures (Shibata
and Sozen 1976). Their original thesis
was that for a certain desired ductility
factor in a building component, the design
force level could be determined by
carrying out an elastic dynamic analysis
on a structure in which the stiffness of
that component had been reduced by the
desired ductility factor, and where the
damping had been adjusted to reflect the
corresponding level of inelastic response.
The modified substitute structure method
uses the same approach, except that it 1s

propartiﬁs,
demand under a g
excitation.
approach 1is
and the damping of
continually change

of ductility deman
force agrees with the

each member are
d to reflect the level
d, until the internal
strength of the




The original work on the mzdifiT:ne
substitute structure method was IOr P

frames (Yoshida 1979). He showeg ;hat
some of the restrictions require Yy

Shibata and Sozen could be relaxed, and
that for frames with more than one bay,
and especially for frames with strong
columns and weak beams, the ductility i
demand predicted by the method was in V;ny
good agreement with predictions made using
DRAIN-2D, a non-linear time-step plane

frame program. The method was then
extended to coupled shear walls (Metten

1981) and it was shown that it again gave
good predictions of the ductility

requirements and deflections.
In the description of the method it

is convenient to use a factor called the
damage ratio rather than the ductility
factor, although for members which are

elastic perfectly plastic, i.e. with no
strain hardening, the two factors are

identical. In the original definition of

the method the damage ratio for each
member was defined as the effective
stiffness of the member divided by its
original elastic stiffness, i.e. the
flexural stiffness in any one iteration is

Elgy = EIai/”i

where

Elgy = cross-sectional flexural stiffness
of the i-th member in the substi-
tute structure

EIai = Cross—sectional flexural stiffness

in the actual frame
W4 = damage ratio of the i-th member

Using the reduced member stiffness,
natural periods and mode shapes are
obtained from a linear dynamic analysis.
To determine the member forces from a
response spectrum it ig necessary to know
the damping for each mode. This is done
by using the member forces and resulting
strain energy from the Previous iteration

126

where

P,™ = relative flexural straip .

the 1-th member for the mﬁunﬂmdgl
Li m m m
6 BI o b1)*]

kg shis member length

Mm

=1 MIl;lj. = bending momentg at the eng, <

the substitute Structure
member for the m—th mode

proportion to the relative Value of
energy it absorbs in that mode

Once the modal damping values are
calculated the modal excitation{unlbe
found from a response spectrup and the
member forces in each mode can be
determined. The member forces from the
modes are combined and compared to the
member strengths. If they are not in
agreement the damage ratios are altered
and another iteration carried out,
Strictly speaking the dynamic equations of
motion cannot be separated Into uncoupled
modal equations unless the damping matriyx
ls a linear combination of the mass and
stiffness matrices, and the modal damping
values as calculated above may not satisfy
this requirement. However, since the
damping values are small this is assumed
not to be of importance.

As described above the reduction of
the member flexural stiffness by the
damage ratio implies that both the damage
ratio and stiffness are the same at the
two ends of the member, which will
generally only be true for beams in a
frame of strong columns and weak beams.
The method has been extended by
considering the plastic deformation to
consist of a plastic hinge at each end o
the member (Hui 1984). As a result damag’
ratios are calculated for each end and
then used in a more complex manner to
calculate the member stiffness and
contribution to damping. In the results
that follow Hui's procedure is used.

In a torsional analysis 1t often
Occurs that there are several modes writhe
very closely spaced periods. Summing i
modal effects using the square root suﬂlod
Squares (SRSS) or the absolute sum met
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- ': 7'513 inadeqate in these casesg

| Fﬁatﬁ quadratic combinatian (CQC)

:edlﬂd was found to give superjor resulte

4 STRUCTURAL IDEALIZATION

quse torsion analysis requires analygi
the entire structure 1in three .

dmensions it is imperative that sope

ions be d
S ifying assumpt made to red
z:-l:l’size of the analysis problen. Foruce

e structures, especially tall office
v 3p&rment type structures, the floors
it essentially rigid in their plane when
ompared to the lateral displacements.
;ol' cuch structures the analysis can pe
_educed tO three degrees of freedom per
floor, tWO horizontal displacements and g
_otation. The assumptions necessary for
Lk B reduction are: the floors are
rigid in their own plane, the masses are
~oncentrated at the floor levels, and

‘here are negligible vertical inertial

MacKenzie used the above approach to

calculate the elastic torsional response

of buildings. He considered the structure
+o be made up of a series of frames or

walls connected to rigid diaphragms. With
this assumption each frame has two degrees
of freedom per joint, a vertical
displacement and a rotation, plus one
lateral translation degree of freedom per
floor. If the frames are independent of
each other, i.e. they do not intersect at
common elements, then the vertical and
rotational degrees of freedom can be
removed by static condensation resulting
in a single degree of freedom at each
floor level.

When frames have a common column it
is important that compatibility with
regard to vertical displacements at the
common column be enforced. This is done
by keeping the vertical degrees of freedom
in the common columns until the frame
stiffnesses are assembled into the
Structure stiffness matrix. At this stage
“ompatibilty can be enforced and the
Vertical degrees of freedom removed by
Static condensation, to give the structure
;tiffmu matrix with three degrees of
‘eedom, two translations and a rotation,
z:;mﬂm The mass matrix is easily
= lated and the mass and stiffness
'atrices then used to determine the mode
'haP“ and natural frequencies.

_ When two frames meet at a right

Bec

% the rotations in the two frames at

?;: mon column are at right angles and
ent, provided the torsional

“Stance of individual members 1is
®cted. However, if the frames do not

4A=Ti &

; ¥ A

Mmeet at ri
: ght angle
not 1ndEPendent &l€s the two

Plastic time-
» Which requires as input an

history. The Shibata and
SPectrum A represents the

Spectrum of si
. : X Trecords,
ur of which are the two components of

the 1940 El1 Centro record and the two
components of the 1952 Taft record
Figs. 1 and 2 show spectrum A and éhe
Spectra of each of the four records for
two different values of damping. It was
considered sufficient to use only the four
mentioned records when comparing the time-
Step analysis with the modified substitute
Structure method results from spectrum A.
'The spectral values for 2% damping
are given in Fig. 1. For values of
damping other than 2% the following
relation was used to calculate the
spectral accleration:

Smoothed average

S, = S,o [8/(6+1008)]

where
5.9 ™ spectral acceleration for 2%
damping ratio
B = damping ratio
3.0
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Figure 1.
acceleration.




where

3.0
Qi = maximum contribution of the -t
; 2.5 Toft S21W mode to the response of intereg,
| ™ ——=— Toft NEDW Bj_ e i-th mode damping 5
g 2.0 —.— EI Contro NS o = ratio of modal periods, Ti/Tj_
o
§ The cross-modal coefficient
< approaches unity for modes with cq,
£ periods but is very small for modeg .,
2 small damping and widely separateg = O

iods.
P perio

0 —— e
0 0.5 1.0 1.5 2.0
Period , sec.
| o % SRSS n
Figure 2. Response spectra. 10% damping. 0.5 g peak gronnc i 3 1ﬁ
acceleration.
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5 Results UL
PLAN
The program resulting from the combination EARTHQUAKE e ;Eﬂiowm :
of the modified substitute structure n=-:”>1ucnou > : =
method and the three dimensional
structural idealization has been named 573"
PITSA (Pseudo Inelastic Torsional g 400
Structural Analysis). The elastic —= ——
torsional response provided by PITSA was i 45
tested on both a frame type and a shear *:l HISTORY ‘E 2 cqQc }g
wall type building by comparing the >
results with ETABS, a well documented —— _—
three dimensional modal analysis program ik =
. : TIME-STEP ANALYSIS RESPONSE SPECTRUM
developed at the University of California, S SIaE TAeTNEon IRAISETE - SPFCTOOM 'Lf
Berkeley. The frequency and force results
were nearly identical despite some small Figure 3. Comparison of modal combination methods.

differences in the programs.

To compare the different methods of

5.1 Complete quadratic combination method combining modal responses a simple five
storey elastic building with eccentric
Early in the work it became obvious that masses at each floor level (see Fig. 3)
the SRSS method for combining modal was analyzed using the modal method with
responses was inadequate because of the spectrum A, and then compared with the
very closely spaced modal frequencies that results of a time step analysis using the
inevitably occurred. It also appeared Taft N69W record. Although the spectrul
that using the absolute sum of closely from this record does have quite sharp
spaced modes was not giving reasonable peaks and valleys, for the periods of
results. Resort was made to the complete interest it is in good agreement with
quadratic combination (CQC) method (Wilson spectrum A. The first two periods of the
et al 1981), which combines modal trisl BEFuttire  '4s well ds the fourth an
responses in the following way: fifth, are very,close to one another, and
so it provides a good test of CfOSS'modil
Q= (21 p15Q404)1/2 coupling. Fig. 3 gives the base shears
1] each frame for the different methods.

Assuming the time step analysis tO -

the correct response, it is clear that

although the complete quadratic .

combination method overestimates thiobilsie
X

(1-r2) 244 2 direction of the base motion, it is ™%
Biﬂjr(lﬂ' )+4(512+B Jz)r?- closer than the other two methods, ich
especially the absolute sum method, ¥

in which

pij - Cross—modal coefficient
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_rally used when there are cloge]
| .-jg;?‘?ﬁﬂ!! aﬂfiﬂ)ﬂhﬂ.; %

20"

e e complete quadratic combination
f%'.methﬂd was used in all further

'(mC)ri.sOﬂ work reported here.
a

20'

; Te,sting for inelastic response
ime_step program DRAIN-TABS developed

the t University of California, Berkeley,
e for comparison purposes. This

also idealizes the structure as g

plane frames interconnected by g

rigid horizontal diaphragms,

it does not enforce vertical

although at common columns as does

PITSA.In hoth programs the cracked moment
~tia for columns with axial load was
4 to be half the gross moment of
asSune and for beams one third the gross
inertia. In addition to the

ric damping, a viscous damping

£ 2% was assumed for DRAIN-TABS,

n as proportional to the tangent

hystere
ratio ©
and take
stiffness.
Compa
TABS will b

risons between PITSA and DRAIN-
e made on the basis of maximum

lacements and member ductility demand.
;i:ger ductility is defined here in terms

nember end rotation, which is
. : ing the plastic hinge

: o» and the yield rotation and then
;:friaziflrgl by the yield rotation. The yield
rotation is defined as the end rotation,
based on a cracked section modulus, when
he member is subjected to equal anti- '
symmetric end yield moments. In comparing
member ductilities only the larger value
of the ductility at the ends of the member
is reported. The above definition
provided a simple and reliable method of

comparing ductility.

5.2.1 Five storey frame structure

Fig. 4 gives dimemsions and member sizes
for the five storey frame test structure.
The eccentricity of the mass occurs only
in the top two floors and 1is 4 feet
towards frame 4.

1. Floor weights of 130 kips.

For this combination of mass and

Stiffness the lowest period of the modes
¥hose motion was mainly in the direction
°f the earthquake was 0.42 secs. for the
Structure in the initial cracked
condition, while it was 0.66 secs.

' 4
~ The deflection at the top thf:‘lmﬁ
fange d from 2.8 to 5.0 inches, wit
four time

tm% of 3.6 inches, for the

e .-
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Figure 4. Dimensions and properties of the
five storey frame building,

* Taft N69W
+ TAFT S21W
o E1 Centro NS
n E1 Centro EW
— = AVETage
: : -—— Pista

DUCTILITY FACTOR

e.
for five-storey frame structur

Figure 5. Beam ductility factors
Centre bay of frame 4.

step analyses, while PITSA predicted 3.8

ws the ducutility demand

Fig: 5 sho ame &.

r
in the beams 1n the center bay o A

dict
eneral the pre
ing close to the average of

whereas the sca
step results, res is quite lerge:

i ¢ 4x130 kips.
2. Floox weights © & e -
all the initial

the four time
tter in the




Despite the rather .,
ITSA lacement Fig. 9 gho. ” Pregy
inches. for DRAIN-TABS while P of disp sl OWS gogq Ot
: n | a
ERREEOaE 9.0 S tility demand " ag:‘:::: for the the coup1?§ e DRAy
Fig. 6 shows the :mf:rm 4, where :thility Baunad B beap oY
th‘ica;;;;i::zv?;::'aagood astima;; s
n P | =
:g;parad to the average of the DEA
results.
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Figure 7. Dimensions and properties of ¢

he £3
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Figure 6. Beam ductility factors for
with larger mass. Centre bay of frame 4.

5.2.2 Five storey coupled shear wall
structure.

FLOOR NUMEER

Fig. 7 shows the dimensions and properties
of the coupled wall building. Each wall
was modelled as a column with rigid beam s
elements to account for the finite width,

and if appropriate connected to another

wall with coupling beams to form a plane ;
frame. The eccentricity of the mass in

the top two floors was two feet towards |
wall 4. ?

6
1. Floor weights of 300 kips. i

The fundamental period with the DUCTILITY FACTOR

initial cracked section moduli was Figure 8. Connecting beam ductility factors for five-stersl
0.38 secs coupled wall structure.

average of 1.1 inches in the time step

analysis, whereas PITSA Predicted 1.5
inches. :

In all of the examples discussed
above the column and wall momemts

the
redicted by PITSA were close 10 |
i coFi%i 8 glots the ducti gRAIN-TABS iverage and all were less Ehar
Prmrid:z ans o:m S the yield moments. The best agreenc” the
the avernSGszf t:;:St;m te when occurred in the frame structures arzrs
R, Wighte RAIN results were almost identical, t© eriha
B e d: fifclmiioo ki of up to 25% in the base moments © <ampl¥

2.0 00 3 second wall example. In the walrl;iiﬂ
inches co PITSA always provided a conserve <hich I8

estimate of the maximum moment, f larg®
consistent with the prediction zur eS-
displacements in the wall struc
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for the differgives the ductility demands

g e yses . . The
} " A show . results
fifth floor be §°°d agreement for the

OvVerest; but severel
the QbtAlSey dennt e RAtES
and in the third f1
00T

and f
- tha.]_SO €stlmatesg Smaller
€ other columns

5.3 Computer costs

The average CPU time taken

DRAIN-TARS analysis was 4 6t0 il

times a PITSA

: 2 3 - 5 b 3 analysis
DUCTILITY FACTOR the DRAIN-Ti; evidenced in the scatter of
for the e Lype fufis it is closs thet
3. mﬁtiﬂs beam ductility factors for five-uturey e tlime St&p ana]_ysis sev 1
cﬂll 1ed wall structure with larger mass. Shﬂuld be made with ditt e el
record input CEFGE- S ngice
E‘ the modif}; dS- Thllls the cost advantage of
% e o e = e ed substitute structure method
. 5ot & ok == : of the order of a fact
0.17] 0.34 g 88 yig - Lo ctor of. 20,
i 0.18 | - 1.17 0. 31
: T % . 10 0.34 0.93 3:32
‘ 0.40 0.62 0.29 s 6 CONCLUSIONS
; sl PR E LN
il L 226 4.49 L e 13;1;
= T 4.21 . . s : It has been shown that the modified
0.43] 6.73 0. 60 4.70 0.43 4.38 e 3:35; substitute structure method, extended to a
e . 0.43 oo three dimensional analysis program, is
& S & o gy ?:éﬁ able to predict the displacements and
0.5 0.87 0.80 g member ductility demand for structures
with eccentric masses. The method worked
TAFT N6OW EL CENTRO NS particularly well for framed structures

s amone e without sudden changes in member strength,
but also successfully determined the
ductility demand in the coupling beams of
coupled shear wall structures. For the
one structure tested with one storey of
weak columns and one storey of strong
beams, the predicted ductility demands
were in considerable error although the
correct pattern of damage through the
structure was predicted.

For the five storey structures

analyzed the modified substitute structure
r to one-fifth

CPU time than did one

p program. Thus
in CPU time could be in the
mes 1if gceveral runs have to

3239 Ly -
ive storey frame with some weak by made for o8 «h time step analysis.

columng
Qe b gince the modified substitute
thod ctatically condenses the

1.08

0.16 .
0,34
-0'52 4.25

5.59

. G I N A SR Gy S o :
-

.55

% | AVERAGE OF FOUR
_ TIME STEP ANALYSIS method used about one-quarte

Figure 10, Dyctq
kr.-.‘ beh ¢ 111ty factor for five storey frame structure.
loor beams, weak 3rd floor columns. Frame h. analySiS usi

Stry
htmtur“ with large changes in stiffness gtructure me A s S
'I; :::s often require a dynamic analysis. Ztiffzzszfm;zezom and then assembles all
test the egre :
thﬁiet?;: “Pability of PITSA to I:;zdj'Ct thf frame stiffnesses 1nt::1a zﬁizztgz;rees
- irame ufnty 4 RN &8 puch c”“d mass stiffness matrix having fl).t ){s Cossible to
- Vas gnai. 'g u;hwt;h ﬂ;e]_;ncre:;z , of freedom per Stirtel);.i .nalysis of quite
e T it m 0
e yield mo do a three dimens il micro-computers

_Pacity of the third floor columns tures O
S by 75% and the fifth floor beams large struc
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£ found in many design offices. The Ezzfrim
as developed has a generator to Erﬂframt!
frame joint and member data if the
are reasonably straﬁghtf:;:;rg;
As proposed the me
&Pprﬂpriaza Ear concrete structuru;aguzait
is expected that it could be exten e
steel frames by changing the expres
- dfzgizgéesaarch tool it is now planned
to use the method to investigate the -
effect of plasticity on the response O
eccentric structures with different

layouts of strength and stiffness.
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