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e influence of plan 1irreqularities, vertical discontinuities, and building
overall response of a structure to seismic excitation has not been

ABsmz::the _ |
y ctudied in the past, although it may have serious repercussions from the

B R w of loss of life and property. This review paper presents a state-of-the-
on the configuration issue as it relates to seismic design and emphasizes
r further research and for collaboration of the architect and the structural
‘ . je deriving the building configuration for a project. A methodology of
engifi© . -vestigation of buildings with known configurations is proposed. A simple
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s;r:;;:ria; PresentEd to illustrate some basic concepts related to configuration.
e
, nﬂmDUCTION compounded the problem even further. Such
trends must be questioned by the
garthquake motion is so rdandom ancfl | structural engineers not only from the
ypcertain that it may affect a building idealistic point of view but also from a
ctructure in many possible ways causing practical standpoint.
damage to it. It has been long recognized A synthesis of the architectural and the

by the <tructural engineers that architec-
+ural configuration has significant
influence on building response during
sarthquakes. Current available research
publications treat the configuration
principles on a conceptual rather than an
analytical basis in that very few
analytical studies have been undertaken 1n
the past utilizing a systems engineering
approach. Because of the current trend 1n
architectural circles towards the develop-
e of building plans that offer diver-
FltY in the architectural expressions and
images, and the complexity of functional
an:d conceptual aspects of a building as a
tural outgrowth of the technological
:2:?.:‘1:3; and e?Phif!sis on certain human and
i an:ﬁuﬁs 1n.art':hitectural planning,
whass themre l?\lzldlngs are being bullt
g architectural configuration 18
form deaircgnfl.iCt with the structural
builﬂing 1a le 'in a seismic zone. New
in”"lving :z"“t and planning concepts
adherence -ree~-form massing and the
L0 the cur:!{ many contemporary architects
Calleq Poatent arﬂ}_'litectural movement |
Way.arbitra;“‘?dernlam, that advocates in a
Y building forms, have

structural forms is highly desirable, and
in the context of earthquake-resistant
design wherein safety of the building 1is
of utmost importance and concern, this
becomes even more significant. This 1S

the main theme of this paper.

2 ARCHITECTURAL CONFIGURATIONS: TYPES AND

DETERMINANTS

As is well known, building configurations
fall into two basic categories: (1) Plan
configuration, and (2) Elevation
configuration. Plan configuration refers
to irregularities in the building layout
horizontally that 1s normally drawn up by
the architect. Tnitial avoidance of
complex, long and extended shape of the
puilding can render a building suitab}e |
for satisfactory performance under seismicC
loading. Some ma jor patterns that have |
been identified as unsuitable on the bas1s
of past earthquakes are L, O, H, Iy
and other such building shapes, presence
of re-entrant corners, lack of symmetry,
nature and extent of perimeter resistagce,
core location, to name a few, some typical
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~cases of which are shown in Figure 1.
Elevation configuration refers to
irregularities in the building height
vertically that may cause significant
problems in buildings in that the
uniformity and continuity of mass,
strength, and stiffness are affected when

abrupt changes in these items take

place. Also, a building with a high
aspect ratio exhibits large lateral
deflections under seismic loads. This may

also cause large compressive and pullout
forces on the columns, resulting in
building failure. Some typical cases of
problematic vertical configurations are

shown in Figure 2.
The determinants of configuration are

primarily a combination of activity spaces
and circulation patterns as well as the

geometry, geology, and climate at the
location of the building. Other factors
dominating the derivation of configuration
are building setting, city building code
requirements, and architectural require-
ments of style and image. It can hardly
be overemphasized that violation of sound

configuration principles is likely to
Jeopardize the structural safety when a
building is subjected to a severe earth-
quake. It is extremely important, there-
fore, that there is proper and adequate
interaction between the architect and the
Structural engineer about the matter
during the initial building programming
and structural planning stages. It is
also necessary that the prevailing
concepts of configuration based on past
observations of earthquake damage are
firmly implemented as well during this
Planning stage.

' ' tO an optimum config-
uration. Seismic design should be

considered at the start of the design
Process and a structural engineer with

seismic expertisge should be included in
the design team from the beginning,

aiggificant considerations at the initial
design Stage are:

during earthquakes,
characteristics,

inertia forces by reducing the building
mass, transfer of

diaphragms,
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connections and joints ensuring that the
building components act together, ete.

3 PRESENT STATE OF KNOWLEDGE

To the best of the author's kﬂOWl&dge,
very little research 1s currently being
done on building configurations fyrep the
structural engineering point of view.
Most of the publications to date r31ate-u)
the configuration principle from an archi .
tectural perspective. Some insightsg inte
the significance of configuration jip

building planning were gained frop varioys
earthquakes that took place at varioys
times. The Alaska earthquake asg reportegq
by Alexander (1964) is a good example .
The Architectural Institute of Japan

(1970) and the Departments of Army, Navy
and Air Force (1973) addressed the issue
of configuration, while Berg £1975)
Botsai (1977), Pendergrast and Fisher
(1977), and Degenkolb (1977) discusseqd the
implications of configurations frop
different points of view.

Dowrick (1977), Arnold (1980), Arnolqd
and Elsesser (1980), and Arnold ang
Reltherman (1982), discussed the
principles of configuration in
considerable detail. Some other sources
of information on this topic are the
publications and books by: Earthquake
Engineering Research Institute t 1977);
Green (1978), Wakabayashi (1986), and
Bertero (1979). Some structural aspects
of the issue of vertical configuration
were discussed by Chopra (1978), and
Chopra, Clough and Clough (1973). More
recently, some experimental work on
vertical configuration has been done by
Moehle and Sozen (1980), Moehle (1980),
and Moehle and Alarcon (1986). A paper on
the plan irregularities and its structural
lmplications was presented by Steinberg
(1978).

As is evident from the foregoing, struc-
tural engineers have paid very little
attention in the past to this subject.
The configugation principles are almost

the practicing architect,
in a way that emphasizes design restric-
tions rather than developing the insight
through which the architect can come up
with creative and innovative solutions
[see Arnold and Reitherman (1982)].
Structural engineers pursuing research 1in
the seismic field have generally concen-
trated their interest on areas like

me thods of analysis, mathematical
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:%iﬁiﬁ”" - there are hardly any
*%“fjﬁj;ﬁﬁre;thg-tapic of configura-
P antical prﬂblﬁm has been
'aﬁ?Fiﬁ%fEfTif“aﬁd exclusively studied in

 t1% Although signifi-
on configurations have
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for the most part, of
There are admittedly

e jfficulties associated
pra < uti"m evaluation of damaged
uat" gome main difficulties are:
ation of the place where an
e has taken place may be
sch that no adequate ground motion
re available.

'_hdgulﬂi :

» m;].eeum of data durling Or

et jiately after the shake may not
: ple due to technological and
he snlitical constraints. Even 1if

&u'am collected, they may be

;jpaccurate and questionable. Data
mllected at a belated stage may not
reflect the post-disaster conditions
realistically and entirely. Building
plans in many cases for old buildings
~ pay not be available at all.
3, since building failures due to earth-
quake shocks are often of a progres-
 give nature occurring over a very
short period of time, reconstruction
of events from the initiation of
 failure to the occurrence of major
damage is a definite problem. Such
_-mstmcticn, where available from
vitnesses, is very helpful for the
damage analysis and evaluation of the
building because the results of an
 analysis can be quickly compared and
mhted to the sequence of events.
~ The progressive nature of failure in
 fact significantly influences the
_- mmﬂg response insofar as with
s *h-failure stage the effective
- configuration, and hence the
::“fm of the building is likely

| e '
%ummﬂting to note that suffi-

s ,.:“_,"F'. 0 1"’“'-31 work in this area 1is

been done before or are
are usually aimed at deter-
.h“’ic'Pattatns of behavior of
 ®Xpepia., .3 Wodels or elements. An
ufgf{fﬁiTQ??h”"ttqation on building
Cages . XON involves a multitude of
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durlﬁg a rapidly fluctuating dynamic load
aPElled on the building model may not
qu}te‘precisely simulate an actual
bu11§1ng‘s dynamic properties, and hence
the interaction of elements, and the
?omplex nature of the path of seismic
inertia forces through the building

configuration. Despite such limitations,
m?re experimental work in this area 1s
highly desirable.

Although the importance of configuration
a§ an influencing factor has been recog-
nlzed and identified in the past, yet the
principles have not been followed
strictly. Even though these principles
are known from a theoretical point of

view, there have been hardly any serious
efforts to validate these concepts

involved for practical structures. 1In

some cases, buildings with ill-defined or
poor configurations have been found to
perform well under earthquakes, and in

some other cases, buildings with reason-
able configurations have been found to
perform badly. Past experience in this
regard demonstrates that there are
currently noticeable inadequacies 1in the
realms of: (1) our basic understanding of
the overall problem in 1ts true perspec-
tive; (2) the designer's philosophy on the
requirements of a building subjected to
earthquakes, and (3) the scope of the
currently adopted design criteria in that
these code criteria do not always have a
strong scientific basis. This only points
to the need for more extensive research 1n

this area.

4 SOME BASIC PROBLEMS OF CONFIGURATION

Recent developments in the field of earth-
quake-resistant design have demons trated
that there is a need for reviewing the
design approach. Everytime there 1s a
major earthquake, damages are observed On
pbuildings that were thought to be designed
in accordance with good design practice.
Every earthquake has provided the designer
an opportunity to learn new lessons. The
Alaska Earthquake of 1964, the 1969 Santa
Rosa and 1971 San rFernando Earthquakes in
Ccalifornia, the 1972 Earthquake 1in
Managua, Nicaragua, and more recently, the
Mexico City Ear thquake of 1985 and the San
Salvador par thquake of 1986 are cases in
point. The main question to be asked 1in
this connection 1is: "when can a config-
uration irregularity be of particular
concern and how can the sgguetura}ﬁ
designer deal with such irregularities?”
Wwe are aware of such irregularities in
general, but the nature of the overall
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: some of
problem is noted to be manifold.

the unresolved prablemsiarEf AR
1. How much eccentricity 1n p

- : ch that
acceptable for a building su

. 0 :
the configuration is not of an?f'ca' scope and nature and cannot pe diamuEﬁ in
| ern? Current specill ithin the brief expanse of ¢; SSe
special conc : t by the City withi ; : odes ( SR Der
tions (e.g., 10 PE”?E arbitrary N I 982) . tu,
of Los AngEIES).PE.!E?;S beyond which Building Coie i;gy C;uifaic (1980)
: 1C1l : cnno 1
L, e tions including a ST cify some g ‘(1978)' )
Spocial anSld?ra required. There ;presenFlY SpP€E y' Eﬁlgn c:rj_teri
dynamlg analysis are the adequacy of that either partially or lmplicitLy
is a disagreement zgental attempt to address these quegtions,
cent “acc . - ere 1is no
i s g P t is currently being  Obviously, ther S gt S
eccentricity" tha : il Some to these questions, and.usually the "ers
2T R At eccentrlcioiision tural engineer considers 3 particuiswlmu
' ustomary pP i : | ar
argue that this c i situation and responds accordlngly s
understates the pr * is best judgement. Alsc th | ng
ik of a his ' €re i
2. How valid is the assumption ' R o B e
| qi .ble diaphragm on the unique solution € Problepg . To
i v 1et' Pstiffnesses of understand the nature of the Problep begt
| relative : | | S
SNSES B The xe d how to realize plausible Solutions o
BN WO B Nall Hystems, al-'l i ed? ly observe and inter L ey o
can this flexibility be quantified: CROnS o ey Piet actua)
: : a .
Since in buildings with very l?w. damag§5-cr s 4 20 Jquakes tq eXistip,
aspect ratio, diaphragm flexibility bulldlngs an 2Y o raw'COHClu&MHm on
plays an important role in the basls of systematic ang SClentifj
distributing the lateral seismic methods of analysis on damageqd Stru'{:EUreS
forces to the resisting vertical wall
or frame elements, this question
needs a more positive answer than 5> A METHODOLOGY OF STRUCTURAL INVESTT ATTo

what is available at present.
How significant is the torsional
component of the ground motion in

influencing the building's
reésponse? All earthquakes have an

associated rotational component which
may affect buildings with low
torsional stiffness. According to
current estimates, the torsional

add up to as much as 30 percent to
the loads that a building must
carry. Data, code Provisions, and
other details on this topic are very
sketchy. The conventional analysis
for torsion simply gives the forces
on bracing elements due to moment
Produced by an €Ccentric static
force. 1t takes no account of the

What variation
S between
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to the configuration prgq by
positively or negatively

The foregoing 1issues are albej t+ e

- ' § L

classes
of buildings in terms of structural
System, structural material, and failure
mode, in addition to building form. The
basic steps needed for such a methodology
for the structural evaluation of damaged
buildings may be presented as follows:
Collect data, e.q., building plans,
construction drawings, as-built
drawings (where available),
Specifications, descriptions and
Photographs of damaged buildings,
etc. A field survey may be rquired
to physically assess the situation.
Process the data collected and
Program a study plan accounting for
the needs and objectives of the
lnvestigation project.

Classify the buildings int®
Categories and select representatlva
buildings for detailed study afFer

Preliminary qualitative evaluation:




. the selected buildings by

;éiff;fﬁgﬁaa‘_;‘ﬁﬂlynin. i.e,, by static
R analysis accounting for plan
ﬁfﬁ;éﬁﬁ%ﬁﬁiéitiﬂn 1rrnqulnr1tiou;
”Eé%?fﬁiygig_will enable an

;ﬁ%%ﬁiitﬁ:_to identify the critical
iﬁ{%ﬁ;imﬂ'tg1dttarmini the stresas
W induced in the members by the
T SRR RO T A detalled procedure may
e oﬁid in this regard to meet
relevant requirements.
R Wim te analysis does not

| et gtructural fai lure
_' ;é}ﬁ_?h*b1y, i.e., the computed
“1 forces or story shears by the
I ate analysis differ by a
' ~_ +ial margin from the actual
ghears that would be
induce and precipitate

s Y that actually occurred to
‘ puilding, oF when the building
mﬂ?"“um is complex or
“ 'F--ﬂ-‘“' a detailed analysis using
 oeapic methods will be performed. A
ocedure for this analysis

:ﬁ#.m developed during the course of
 the investigation. _
Note that an agreement of the results of
alysis with the actual failure will
muthn assumptions. Conversely, any
jiscrepancy in this regard will point to

» fallacies or inadequacies in the
sssumptions concerning diaphragm flexi-
bility, building eccentricity, etc. For
exanple, non-structural architectural
elements in a story may change its stiff-
ness characteristics which may be ignored
in the analysis. Also, the diaphragm may
have been assumed to be rigid or flexible,
although in reality, it may be semi-rigid
or semi-flexible. On the basis of this
nvestigation, the structural engineer can
develop and recommend specific conceptual
MQ design solutions for the buildings
Mﬂm using standard configuration
mﬂn. Such conceptual models
derived after the investigation will

- rlﬂd others in the building
_:_-:.:: ..1,.!-' & ol |
4N effect of earthquakes on
hilﬂinq- is, as is well known,

ffacy = '8 Presented to illustrate this

 lrrequ, mu’»ﬂﬂ with horizontal
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6 A PRODLEMATIC RUILDING

Figure 3 mhowa a J«truck fire mtation

building. PFire and police atationa that

are expected to atand up during emergen-

cles following an earthgquake utilize such

open=tfront buildings frequently. Walls A
-= B are all 18 ft (4.5"m) high and of

equal thickness. The roof ia made up of

Bteel metal deck and lightwelight concrete

topping. Assuming a rigid diaphragm, the

eccentricity on the basis of the relative
wall rigiditiea, R, ia e = 5,21 ft.

(1.59m). The base shear V = 70 kips (312

KN) and the torsional moment

T = 364.7 kip=ft, (495 kN.m). The total

shear force on the walls are found fromnm

standard computation procedure to be:

Wall Total Shear (kips)
A ¥ § oSl o
H 10.80
& 48 .41
D 2:.51
B 251
(Note: 1 kip = 4.448 kN)

Following the alternate procedure of the

SEAOC Ad Hoc Committee on ATC-3 (see

Steinberg, 1978), the corresponding shears

are found to be:

Total Shear (kips)

A 10,80

R 10.80

C 50,00

D 269

E 2,51
(Note: 1 kip = 4.448 KkN)

This alternate procedure suggests that if
the shear due to torsion is more than 20%
of the shear due to the lateral load
alone, then the torsional component is to
be increased by a multiplier., This is a
conservative procedure,

Assuming a flexibile diaphragm, 1.0,
that transmits loads in proportion to the
tributary area of each element, V, = Vgim
17.5 kips (77.84 kN) and V., = 35 Kips
(155.68 kN), i.e., a substantial increase
in shear for walls A and B and a consider-
able decrease in shear for wall C. Since
in reality, the diaphragm may neither be
flexible nor rigid which values of shear
should the structural engineer adopt? The
diaphragm may be categorized as a semi-
rigid one which is more practical to use
for such a building inasmuch as a very
flaxiblu diaphragm could give insufficient
gupport for the walls permitting the walls
to fail as cantilevers. Also, a flexible
diaphragm will allow the walls A and B to
vibrate out-of-phase with wall C, creating
major displacement problems. Conversely,
a rigid diaphragm may deve lop aanlidnrnblu
torsion in many instances. One may AN
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therefore utilize a semi-rigid diaphragm
and may prefer to bound the PFOblﬂm;he
Generally, in most design offices, i
semi-rigid diaphragm would be taken a
rigid and the semi-flexible diaphraqurpase
would be taken as flexible for the p

Of evaluating the seismic effect.
However, such assumptions cou}d be
erroneous. Gates (1978) stugled.th: e
dynamic response of semi-rigid diaphrag
and concluded that the results of

simplified models (i.e., us?ng bouni:i :
could be non-~conservative with resp

the more rigorous model. . S
It is noted that even a simple building

like this example has many important
architectural considerations. Fo?
example, the building length—t?—W}dth
ratio may contribute to the building
response significantly (see De?enk?lbr
1977). To get the best approx1matlo§,
obviously, more sophisticated analygls '
using detailed finite element t?chnlque in
conjunction with dynamic analysis on a
more realistic model is warranted. Aléo,
a4 test set-up simulating a prototype like
this building will be a valuable source of
information on the intricate behavioral
aSpects. Finally, access to a 'natural
laboratory' where actual structures have
been damaged by a quake will be of para-

mount importance. Parametric studies

are i1mmediately required. It is worth
noting here that the uniformity of
Strength, stiffness, and mass of this
€Xample building can be achieved to some
extent by introducing rigid frames at the
door openings. This reinforces the point
that the architect and the structural
éngineer must discuss these possibilities
and issues of materials, Structural

interested reader is referred to th

Studies by Homes (1976) and Reitherman
(1980).

7 CONCLUDING REMARKS

Progress relateg

dspects, The Principlesg of
are usually known

adequately verifi

configuration
+ Yet they have not been

ed scientifically using
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importance that 1s currently pej
ia earthguake hazard mitigatic}nr

research on configuration jig urqge
required. Such research effﬂrts
expected to have a substantia) £ 14
the architects and th§ Structura)y des;
enéineers. some pﬂ?S}ble benefitStnfzn
research may be envisioned as fﬂilgws‘tmh
1. Such work 1s expected to b .
together a detailed mode}j
building configurations by
a systematic engineerin
Such a model is very de
present.
2. Research along this line will

S
ntly
Are
Pacy on

ring

ng Qf mal’]y
utilizing
'g’aPPrDach_
Slrable at

review.

5. It will lead to better building
design practice and improved
solutions for building renovation
problems in seismic zones. It wil]
also help improve the quality of
future buildings and thereby enhance
Public safety.

It 1s the author's belief that extensive
research and development in the field of
architectural configuration by structural
engineers will certainly strengthen the
present technology base andg enrich the
current state of knowledge in the area of
earthquake-resistant design.
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