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i rRACT! The Fhree Qinen5%0n31 se1smic responge nf‘buildings 1s presented. A first
D. inga-stiﬂitmf‘ u_wolnng single 5tnrey* buildings is carried out. The importance of
proper jgealisation of the mass and specially the mass moment of inertia for three
=d di.gn'sim'il respanse is demonstrated whgn }ateral—tar51ana1 coupling is important. A
L <econd investigat%nn t:'n‘ a‘i‘nur-stnre? building is used to show the differences in
S mtﬂﬂil lpad dlstrlbutIQn for a hxeq base shear using different techniques. Two of
LD these technigues involve different combinations of modal response spectra such as RSS
| {Rgat SuM Squared) and CBC {(Complete Quadratic Combination). Other static technigues
’ | involve the usage of the 1985 NBI?C ur_thc:-: application of seismic loads directly at
: , she centre of mass of an eccentric building.
d
., 1.0 INTRODUCTION Furthermore, ¢loor slabs are  often
r | considered rigid and many commercially
= ' seismic analysis of eccentric buildings available programs do not allow this
3 is a complex problem (Kan 1976, 1977a, feature to be introduced easily. NASTRAN
: 1977b). Recommendations of the 1985 for example does allow the introduction
: National Building Code of Canada are of Multi-Point Constraints (MPC) but the
- sisple to apply (Tso 1983, Humar 1983, constraint equations for each floor have
: 1984) when the eccentricity 1is constant to be derived by the designer and
throughout the height of the building introduced into the mathematical model.
assusing of course that the centre of
rigidity presents no major difficulty in Alternatively if the designer does not
its evaluation. On the other hand when want to be bothered with such lengthy
this is a problem in itself (Riddel 1984) procedures, a system of "rigid" massless
i three dimensional dynamic analysis horizontal bracing could be forced to
should be performed in order to obtain a simulate a rigid diaphragm. Either
S0re  realistic response of the method for simulation of a rigid
building, horizontal diaphragm would enable the
o designer to allocate only three dynamic
The Sbject of this paper is twofold: The degrees of freedom (two translations and
“'.’t ofnie is to study the behaviour of one rotation) at the center ot mass of
t:'“' Single storey buildings that have each floor. Needless to say that the
& ’_’ﬂ“?_ﬂly double symmetry, single translational mass .calculated gx?her
tmt”‘- and no symmetry at all. For through automated lumping at the joints
_“.!Pll‘ buildings the importance of or by using rigid diaphragms will always
".-"*"_:;----'"';-._-'-_.-f_?'ﬂiililatim-; for the torsional be the same. However, the exact mass
‘t;'"“l be highlighted due to the moment of inertia Io a"c the :entef ?;
”it Commercially available computer mass calculated on the basis of a rig

“ml'ﬂﬁ masses at all the joints. clab is not necessarily equal to Em,r,®
gau:. Procedure has the advantage of where m, represents the lumped mass and

g = ! ﬁguu designer the burden  of r. the distance from the center of mass.
. iﬂa ~ the structural mass. On the _
£ iy, ¢ it does tend to increase the The first

I
.

objective of the paper 15
evaluate the effect o ¢
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Mass idealisation for single storey buildings.

Figure 1.
megic. Model 2: Single symmetry. Model 3: No symmetry.

Model 1: Doubly sym-

dynamic degrees ©of freedom have beep

~ b fin ional mass moment of
ESBELIStAE - Lhe" tarsl allocated at the center of mass. In the

inertia on the overall response of the

=tructure and its effect on the internal second cas?, lumping m35§95 at top of
distribution of the seismic forces. In columns YlEli_jEd rEEpectlvely for models
order to eliminate the zoning effect, 1, 2 and 3 eight, sixteen and forteen

acceleration and velocity levels, the translational degrees of freedon.

normalized distribution spectrum shown 1in

Commentary J to the NBCCBS was used. In order to 1introduce a deliberate
eccentricity, E! percentage of the

The second part of the paper is concerned stiffness 1n the X-direction of columns

about comparing internal load 1-2 has been transfered to 3-4 while

distribution in two eccentric four storey keeping the total stiffness and mass

buildings wusing two dynamic techniques idealisation identical. RS, for. the

and three static methods. stiffness in the Y-direction, it was not
modified. The earthquake direction was

The two models ' ‘ | ) | |

geometry Huuever,“E::E fligzztln':lzlhadlz BT B e e xxion only.

:;ndamental tlexural period of .28s while

B Secon |
iy v t:Dhaguials:;;:d 321;875._Resu1ts | 2,2 Mode shapes
E g different

RESERLCASILY <to.  width  ratios will b F

Preseﬁ’Fed for both models th : fnr B L e o ey o il

€@phasizing the effect af the const us 'O framk  1-2 fto 3-4 was such that

acceleration and constant v ;15 A PLH'El'y decoupled modes of vibration were

Spectrum curves, LAt Ly Obtained. As seen fronm tigure " 2, aonly

;h: first three modes are shown for each
0Ddel: pure translation in X and Y and

2.0 81 '
NGLE BTOREY BUILDINGS , Che. . rotation about 7 axis. In order to

:;:rzs 3-: while for model 3 . the
other Pﬂ:hing value 1is 43%. For values
flexural~t::5' = unes mentioned,
shown, Hu”evlﬂnal Coupling is clearly

: €ry flexural modes in the




Mode 2

Mode 3 (plan)
....--""'1\

- A\

COUPLED

UNCOUPLED

COUPLED

upled mode shapes for models 1, 2 and 3.
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= evural periocds are identical curves
1 ; is no coupling since the total coupl i starting from the point of zerc
R ST 8 i snd correspanding P11ng would have been linear. The

1 " otional , | re

g lit e jidentical 1rrespective of 11:::‘:: dfm; ‘5uch departure from a simple
| distributing the masse 1stribution is due firs
-} pure torsional mode or t:l::' z?zzlid t”ex”ral"tnrsinnal behiviiir ?;z
_ . 0 th - | :
Jexural torsional modes are cnmbinatini Tzdci:wiilitzaggt)mn i s ik

on the mass idealisation. For
n model 1, the exact value pf

st i | _ | , It be
gatit nmle-mtthlumi;zq this Va]l:le iid tEZmE;EEEEB;r izatp;:iniicammendahur‘m
. = - herih: ;zuare Hangy z{ Z?;eniqlt analysis to study the load d?str?EE:T;E
§  gorfec® & . fference in mass moment b Wilhin a non-regqular structure is it
R s dictaratcn 'n ants sk R R Th Buche s S aleet ks
:gﬁrtli has @ mttgz::sinnal g Zn*the relatively simple single stnreyxs:cru::iurz
'mn?di“““l R aaa . duspin 2*”‘;:- E'Hljibita non-proportional (¥t . the
_Fa:rtllﬂf'“re' “than Chbwe mngea e stiffness) lopad distribution, the very
ﬁ*‘“;d more Rk S an A ”E‘;‘: Eﬂfgglex 2D  structures must therefore be
ol | | subjlected to a dal ‘ ' * .
abtail . - modal distribution wh
5;:3““7 interest 1n this particular the total base shear is evaluated u:ii;
<tudy the static formula.
2,3 Results and discussion 3.0 MULTI-BTOREY BUILDINGS
Figure 3 shows for models 1, 2 and 3 the 3.1 Description of the models
soraalized distribution of the base shear
aguine-d from a:spectral analysis using Figure 4 shows a four-staorey shear
the 5pectrUl prnnded in the Commentary building that 1is geometrically doubly
of the NBCCBS. The total base shear and symmetric. Each center of mass with 1ts
its distribution have been normalized to

y, for various percentages of stiffness
transfer from frame 1-2 to J3-4. ¥oe-ig
the base shear value corresponding to the &
gurely decoupled modes (i.e. when e=0).
since the second mode 1s purely flexural
in the Y-direction and the purely
torsional mode does not have a torsional
spectrus to amplify its response, the
value of V., is basically the first mode
contribution.

_ﬁm is interesting to observe from these
figures is that the idealisation of
#asses does have an effect on the Dbase
“’" distribution in the various frames.
l_ﬁ.' reality, the mass lumping technique
tends to underestimate the total base
:::“"“il is a direct consequence of
The tiu"“! in the periods T, and Ts.
?ing“ #ass idealisations for each model
e the same base shear only when mode
' t;:m“jﬁﬂ is evident. This occurs when
“& stiffness transfer is 0%, 50% and 430

T _
o “’“u*'l? for the three models. 3
vt “ﬂi - at  these specific va lues, the
gy TN An the frames perpendicular to
~ Farthquake direction is zero.
$ an " Observation that s also of
x | oo s ' 1s the ¢act that the ba Figure 4. Four-storey eccentric

.ty
L]
L

- each frame is not propor tional ; ; '
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| nic degrees of freedom has been
d gplaced 1in the VY-directian
an eccentricity ratio e/D
m O toO 29%. The value of the
mass in the X-direction was
rder to obtain two models: The

ﬁdin < Dt .

ahe having a fundamental period of
.“’.' st (mode] i) while the second one
_2ﬂfg . fundamental period of .87s
havl ) as mentioned earlier.
node! 2
. ',dm' i limit the number 0f
m.aters inVﬂlVEd" the value of the
pard®® " “that of the mass moment of
pass '_‘: . have been kept constant with
inﬂiit to the geometric center.
reir::ﬁre the term Me* was substracted
I::nthe value of lo.

nin figure 2 are the twelve modes of
sibration for a typical coupled
flexural -torsional behaviour. Modes 2,
5, 7 and 9 are uncoupled flexural modes

Show

i i Y- -direction and have no
contribution to the response +for an
sarthquake acting in the X-direction.
B 4, 6 and 8 represent the
flexural-torsional coupling behaviour
while modes 3, 10, 11 and 12 are mainly
torsional but coupled with a flexural

component.

5.3 Methods of analysis and results

Lontrary to the single storey models
:hera only the RSS technigue was utilised
OF combining the modal response, models

ad:nd 2 of tigure 4, were subjected to
theltmnal techmques for evaluation of
internal 1pad distribution. In

;‘_‘“i"?‘ these techniques are:

1)
Th"ee dimensional spectral analysis

WD R88 combination for  wodal
Fesponse,

2)
:;:: 95 above except that a Complete
t?&a"ti Combination (Rosenblueth
“1139" 1981) was performed.

’ﬁ
. &“it recommendations of the NBCCBS

._fhﬁiﬁujﬂg fgp th
L SO S én where e jis the distance
i MBER the renter of mass and the

4 e # ._ E X : e p t e 1% =
wfg;% avaluating the validity of
eﬁgailpl:fi:atlnn factor.

=)

?Dplicatianq of the vertical static
ng distribution of the NBCCB8S
Uusing:
thu
Pt ™ CWsfg g e
& We hi
to Fhe center. ‘ot  masg S 0F a I}
static model.
For methods 3) and 4) the internal

distribution of the base shear is carried

out (Ficard 1979) using:
B -
' ku;l ku e
TIUREN piasciteinelie” o }
Pl b el Y3 ® + F Ko 2]
| m m n |

tor frames parallel to the earthguake
direction; and

s g

‘ kyj_ >:1 e I
Vg =V | —=—mm e e e - |

bt s Yok o e B iany gl

b ol N l

o e
tor frames perpendicular to the
earthquake direction.
In the above equations, Woaie Ky s
represent stiffnesses in the X and ¥
direction while m and n represent the

total number of resisting elements in the
two directions at a distance x; and Yi

respectively.

4 shows very little difference 1n
the response of models 1 and Z. However,
the difference in internal load
distribution for the five mentioned
techniques are worth studying,. First ot
all, the results have been normalised
with respect to the total base shear (Vg)
for the case when the eccentricity .18
-ero. Secondly, these results represent

the case where the torsional mode is not
to the flexural mode thus ignoring

Figure

close
totally the problem related to period
proximity. This explains why the resultls

using the dynamic method with either RSS

or CBC are virtually identical.

ns for techniques 3 and 4, the curves are

parallel but .iD apart as expected.
Comparing technique £ with. 1. or 2 1t
appears that the former does not

0
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Figure 6. Comparison between various techniques for evaluation of internal force
distribution for different e/D ratios. (T, is the flexural period and Tz the tor-

sional one).




gverestimate the shear
Technique 9 compares

ith the dynamic analysis but
rily conversative. As for

iin”t o the frames perpendicular to the

kE derEtiDﬁ, thlE tEI‘.’hnlquE
thque’ B the rEsponse as compared

investigate the various modal

h I,r-lalf-""tnl technigques proposed when
pinat1o ¢ the §lexural and torsional

oyident, the Mmass moment of
B . Was varied 1n order v
inartla :bitrarily the torsional period
. the fundamental flexural

7 shows clearly the very large
Figure < petween the two technigues

diHerE”CEratiu of the periods is between
hen the (.2, Furthermore, it 1is not
which technigue will be
within this range. One
to eliminate the problem 1is

.gply to avoid close proximity of the
5_1 :agental flexural and torsional
1o both techniques yield the

periuds since |
gale results otherwise.

4,0 CONCLUSIONS

Three dimensional dynamic analyses have
been performed on three single-storey
buildings and two four-storey buildings.
Deliberate eccentricities were created by
varying the relative stiffness of the
lateral resisting elements or by
displacing the center of mass away from
the geometric center. The following
conclusions can be drawn:

l. Automated mass lumping can lead to
erroneous values for the mass moment
of inertia which in - Yurn  ctan
Underestimate the total base shear

internal

‘Pd modify its
distribution,

£+ For a_inan base shear, the internal
distribution of forces is not

- 'P'“?D'rﬁiunal to the stiffness of the

FEsisting elements.

o 3' ﬁ}'““i C analyses performed on two
o, i buildings yield
o R ‘E Ntical results when the modes are
e ,;:,-,:_P!h : Ned either through RSS or CRC
~ 'Ecthnigues providing the proximity
. #r«ﬂfth; fundamental modes in flexure

]ﬂ"f'{nur"stOFQY

LT
M B
.....

OUtherwise both techniques could be
equally unreliable.

4. For the simple models presented
(without accidental egecentrreily),
the static method for eccentric
buildings using the NBCCB85 always
overestimates the results of

internal distribution compared to
dynamic methods. On the other hand
the usage of the 1.5 amplification
tactor 15 somewhat slightly
unconservative in certain cases.

=

J. The application of forces calculated
using the NBCCBS and applied to a 3D
static model at the center of mass
and majored by . 1.5 opravides. a
conservative response compared with
gynamic methods.
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