victor W.-T.Cheung & W.K Tso

McMaster University, Hamilton, Ontari,, Canad
r o ada

ABSTRACT: An assessment on the a
of the National Building Code OFCCuracy and applicabil i

eccentric multistory buildings.

irregular structures. NBCC 1985
the centers of mass and centers of

inter
ot a necessary condition for the Pret this specification as a sufficient, but

conditions are established, the necessary
estimating the torsional most reliable tool for
multistory buildings.

1 INTRODUCTION Thus the problem of determining the design

_ eccentricities reduces to locating the
One important aspect in multistory center of rigidity at each floor.

huilding design is the effect of lateral Further, it is stated explicitly in the
loads on building performance. The National Building Code of Canada 1985
lateral loads can be caused by wind or (NBCC 1985) that the seismic torsional
earthquake ground motions. Though such provisions are applicable to eccentric
ennviromental load effects are dynamic in buildings with centers of mass and centers
nature, they are often prescribed in of rigidity falling on two vertical axes.
building codes as sets of equivalent Therefore, in applying specifically the
static design loads. If the building is torsional provisions of NBCC 1985 for
torsional ly unbalanced, due to asymmetry building design, a knowledge .of tr:ne
in geometry, st iffness v Mass rigidity centers of the building 1s
Gistrioution, torsions! s il e gt :0 :ine whether the torsional
result causing additional shears and r;;isigfwse”;re applicable; and assuming
xstf?tims in the lateral resisting ::)he orovisions are applicable, to

- ructural

To allow for the torsional effect causeti::l ecgéntriciﬁzztmme thusthe theSt design

ound ildings, mOS : esign

::isgc tor:?:;;?gprgcis?uons in building eccentricities and glnigéybuﬁzm; -

| codes make Jyse O‘F the eccentriCity torque at each Sto:’y 1oped by Cheung and

'7 . lding codes A procedure was deve Op the centers of

'*' concept. It is required by bul additional Tso (1986) for d?termining gl with
| ?:t t:uildin??: d?“;"wdtmfoggly with the rigidity for multistory buildings.
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resultant and the design eccentric'tywl?tl: it 15to findings
s g S des;fm ”cmtr;:r"ﬁztural This pape;‘presen:;“:rllg buildings 8re€
be a function ' study . ve

eccentricity which representing Vi @ HIEEEE

For
nd irregular structures.
dl_stance between the the centers of rigidn‘:ytzgd
3 level and tm m”ed_ trlclt'“ are first calcu ?Fieé
that level. The inﬂ‘tws nts as spec!
. will act through the mas
{  floors which can be
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in NBCC

1985 will then
~ Finally, ; the design beshegomﬂuted.
representattve lateral resisting ;? on
are determined. The  design ements
distribution will be compared tq :222

computed using dynamic moda]

analysis- Through such an exerc1§EECtE§m
accuracy @and applicability of the
torsional provisions of NBCC 1985 can be
assessed =

5~ A PROCEDURE TO COMPUTE FLOOR ECCENTRI-
CITY

7o determine the structural eccentricities
of a multistory eccentric building
subjected to given lateral load
distribution, it 1is necessary to locate
the center of rigidity at each floor. The
centers of rigidity of a multistory
hui lding are defined as the set of points
located at floor levels such that when the
given distribution of Ilateral loading
passes through them, no rotational
novement of the building will occur. Base
on such a definition, a procedure for
locating the centers of rigidity for
multistory buildings was developed which
involves only the use of standard plane
frame program. Computer model of the
building are to be created by lining up
all resisting elements in one principal

direction and connect them together at
floor jlevels by axially rigid beam
elements with hinged ends to simulate

rigid diaphragm actions.
such model

By analysing
sub jected to the prescr ibed
lateral loads by means of a plane frame
program, the resisting shear distribution
and thus the floor loads in the resisting
elements can be obtained. The coordinate
position of the rigidity center at each
floor will be given by the ratio of the
sum of the first moments of the resisting
floor loads about the reference axis and
the total applied floor load at that
floor. It is shown that the centers of
rigidity will be in general load
distribution dependent and are different
from the stiffness centers. It
proportional framing structures that the

rigidity centers will fall on a vertical
line.

3 EXAMPLES

example buildings are
natrate the variation of the rigidiey

setback example structure,

229 Saziic floor plan will be rectangular
€ measuring 10m b "

arrangement Ao .

of the resisting elements are
such that each building is symmetric in

ETE X direction and eccentric in the y
rection, as shown Y Flgure 1.

iui]ding A will have uniform wall elements
O resist the lateral loads. Therefore,

?uilding A is a building with proportional
raming, and the centers of rigidity

Sutiiing B s ki Py e
entical floor framing
Plan as building A except that the
rigidity of wall 4 at the top three
floors is reduced to 2/3 that at the base.
Building B will represent the class of
buildings with near proportional framing.
Buildings C and D are two eccentric
uniform wall-frame buildings. Two rigid
frames provide the required lateral
resistance in the x direction. In the vy
direction, two walls and two frames are
used as resisting elements. Further, the
beams in the frames are considered very
stiff in relation to the columns so that
each frame can be treated as a shear beam
for computational purposes. The rigidity
distribution and layout of the walls and
frames are chosen such that there will De
significant degree of wall-frame
interaction, both laterally and
torsionally. For building C, the stiffness
center of the wall system coincides with
the stiffness center of the frame system.

For such a building, the rigidity centers

can

will fall on a vertical line. Thus
building C represents a special class of
uniform wall-frame structures. Building D

is similar to building C except that the

frame system in the ¥y direction is sl'_xifted
im to the right from its original
position. Due to the change in |ayout,
the stiffness centers of the wa.ll and
frame system no longer align. Building E.
will represent a more general cl?ss of
uniform wall-frame buildings: Fmally;
building E is an eccentric setbac

building with a single setback at the 6th

floor. The framing plan of the“z?:
structure is identical to that of bu

he tower structure,
&S Fop: % T the x direction ta

of the mass

educ b 5m on each side

:;ente:d 3'tsaall:% in the X dlrectimto:;lt
extend from the base into th; reet-
However , only wall e lements B
provide jateral resistance in i
direction. setback structures are ot

s firregular structures W

considered 8 o

centers.
scattered rigidity Buneriigle- 20w
the stiffness rrillrd

and

esisting system in the
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r&gfd‘ty centers of the buiidin

vertical line B el ! fuli
ORI R A
gtructures. Of the five e

structures, bulldings A and C Sample

BAiaered 83 the basic grrgeg . O°
;.u”ainga B, E and D will pe dz:?szltl:es
of the basic structure A and -
respectively. All buildings will have e C
centers located on a vertical strai tﬁq:
ine. The distribution of the rigidit?
of the resisting elements is summarizeq ?i
table 1.

The sample buildings will be sub jected

the static seismic load distribut;

:3ggested in NBCC 1985, The Iocatiézz 213’
the centers of rigidity of each building
gre determined Dby the procedure as
outlined in the last section. The centers
of stiffness of the resisting elements are
also determined, on a per floor basis
assuming each floor behaves as a single
story building. The distributions of
the rigidity and stiffness centers of the
example buildings are shown in figure 2,
guilding A, having a proportional framing
arrangement, is shown to have centers of
rigidity lying on a vertical line, as
expected. Despite the fact that building
B differs only in a slight manner from
building A, it nonetheless is a building
of non-proportional framing, and there is
considerable scattering of the rigidity

centers. The rigidity centers are
scattered on both sides of the mass
centers. With coincident stiffness

centers of the wall and frame system, the
rigidity centers of building C also fall
on a vertical axis. A shift in the
position of the frame system of building D
leads to a scattering of the rigidity
centers. However, unlike building B, the
rigidity centers are confined to one side
of the mass centers. Despite the fact
that building E is an eccentric setback
structure, its rigidity centers remain
align on top of each other along the
height of the building.

It can be seen that the rigidity centers
are in fact sensitive quantities, a3
demonstrated by buildings B and D. If a
regular stucture is defined as one having
mass and rigidity centers falling on t*‘«’é
vertical axes, then buildings A, C and
will belong to such category. On the °t']"er
hand, buildings B and D will be irreguiar
structures. For regular struct?r::
without setback, the torsional provisio

of NBCC 1985 guarantegf the seismic

effect. However, the C?__gﬁ
may not work
i) For setback

ghe code suggests

they ar
method € Dbest handlied by

B EE & @n investigation into
€ given in the following

the dynamic
this aspect
section.

SPONSE COMPARISON - BUILD
ING
CODE APPROACH VERSUS DYNAMIC ANALYSIS

Th { ami
bu?]dlzzgsmlc responses of the five
aS predicted by the static
i;ocezzres Of NBCC 1985 will be compared
g 4 iat from dynamic modal spectrum
¥sis, For spectrum analysis, the

responses of the first Ffive modes are

izmbined in  a square root of the sum of
€ SsSquares manner to give the total

response since the effect of cross modal

Coupling is not important for the
buildings studied. All buildings are

assumed to be. located in Vancouver with an
acceleration and velocity related zone of
both being 4 in this case. The mass
properties of the sample buildings are

listed in table 2. The fundamental
periods of vibration of buildings A

through E are 0.6, 0.6, 0.6, 0.58 and 0.46
respectively. To make the comparison
meaningful, the results based on spectrum
analysis are normalized so that the
dynamic base shear in the building Iis
identical to the base shear determined
using the static code procedures.

Shown in figure 3 is a comparison of the
interstory shear force envelopes of the
five buildings. The distributions based
on NBCC 1985 provisions and the five mode
dynamic response show very little
difference. Thus the code procedures are
capable of providing good estimates of
interstory shear distribution, even for

the setback sample structure.
Regarding torsional effect, the

mass centers relative to the centers of
rigidity is identified by the code as most
susceptible to torsion. Thus, for the
sample buildings, the most cr!tica::
element will be wall 4 which is furthes
away from the rigidity centers. 'fl:'he

jate for
design eccentricity e = appropria ;
this element is given in NBCC 1985 as e, =
(.50 - # O-IDn. e is the str:uctu;'al
eccentricity and D_ is the plan dimension

In
1ding in the X direction.
- poagperes egphasis will be placed in

is per,
ECEIUBﬁng the accuracy of the aﬁ:;:
equation for determining ‘ 3 -
elements.
distribution in the resisting —

The two basic structures (buildings

c) will have an e/D_ ratio of 0.1. AN e{%ﬂ

buildings W
of 0.l reprgsents I
;:Eéiate eccentricity. The s?;:;tuzﬁe
' centrlcity e 1Is constant a

ﬁglght of the two buildings.
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Figure 4 Shear envelopes of element 4

Even with applied lateral loads and the DESE estimate of the .
structural eccentricities determined, distribution in an element. The ..
complications still arise in applying the envelopes based on code provisione = .
torsional provisions. This is because of attempt to approximate the :_,-v-,.-_-_&--:
the possible scattering of the rigidity enve lopes, It can be seen from Fia -'-;':
;Tnterst;me bothe? siges of the mass centers that the code procedures lead t: :

m QT‘!Z O'F thﬂ bu”dfﬁg, as VhiCh are in gx)d agreemer*t With that .
evident by building B. One would : : : i

- Siid oS _ gynamic analysis for all bui
values of floor xpg:nt;::it?‘d :Wtwe SR, & 8nd C have mass and o
vl # t1€s wnich in centers falling on two vertical ==

€S the interpretation of the code - * i '
Provisions difficult. One simple, but such an agreement is anticipated. Dew
: hot the crude nature by which the

T - -
. iy,

L4

(L)

(i

is to treat the eccentricities are determined for
B, and despite the dispersion of ri:

CENters for bullding C, the =
procedures still provide good estimel”
of shear distribution. With resso’
approx imat ion of latera!
distribution by the code, close agrs®™
In shear distribution is also observe ™
building E. It can be seen that the ¥
distributions computed using the
eccentricities are consicerably e
than that from dynamic analysis. gl

discrepancies can be attributed ™ o
dynamic magnification effect. 7 ..+

Sttempts to approximate such

= ¥
>
- j‘

" - i

Instead of the act bricity

Lﬁ' e'CCe'ntr e N e
w' the torsion! moment anc _5"',-"-"3"@"-‘
avourable results for the V7
Studied,
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. , _ in irreqgular multist
; it buiild - , ‘ ; gy,
odlfied torsional provisions ¢ Y Of the 'nas., Canadian Journal of Civil

the design shear enVEIOpe; O estimate Eﬂg1neerhﬁ;.13n46-52.
} Sccentric buildings are presenteq.
,. <hoWN that for regular buildings
%
|
i

setback. the code procedures do without
good estimates of the seismic
Ef:f'ect . F-:?r setback and

structures with rigidity centers

sca
from 8 vertical axis, the code ttered

Proced
mnay still deliver good results buturiz

; Jarranty can be assumed from the code

’ Thereforeé, ONE should interpret that thé

| condition of centers of mass and centers
of rigidity located along vertical axes to
. 8 sufficient, but not a3 necessary

condition for  NBCC 1985 torsional
provisions to be applicable. Further, it

s shown that the rigidity centers are
sensitive quantities. It wou ld be
~easonable to expect that the scattering
of rigidity centers will exist in most
bui 1dings. Therefore, requiring the
rigidity centers to be on a vertical line
| mgy not be the best criterion to determine
'? «hether code provisions for torsion are
| applicable to a particular building. When
in doubt, the evaluation of torsional
effect 1S best done by means of dynamic
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LIST OF SYMBOLS

e lan dimension of building 1in the
5 girection of computed eccentricity;
El = flexural rigidity of wall;

e = structural eccentricity;

' e design eccentricity; and
Gi shear rigidity of shear beam.
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