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Opinions, findings, conclusions, and recommendations expressed in
this publication are those of the authors and do not necessarily
reflect the views of the National Science Foundation.

Unless specifically noted, building illustrations demonstrate
geometrical configurations only and no suggestion of design
deficlency or seismic hazard should be inferred.
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Preface

The idea has long been accepted by engineers that huilding con-
figuration -~ the size and shape of a building and its component
elements — has a significant effect on its bpehavior in earthquakes,
and the principles that govern this behavior are well understood.
Bowever, application of these principles has not been effective,
and we continue to see the use of hazardous and expensive con-—
figurations 1n selsmic arcas. There are a number of reasons for
this. Some architects are not aware of the selsmic importance of
thelr design decisions, and do not seek the advice of their engi-
neers. Some may obbain good advice but, for whatever reason choose
to ignore it. And some may, in good faith, seek guidance from
their engincers but not receive clear and forceful counsel: not
all engineers are skilled in thc arts of explanation. Finally,
since the engineer 1s generally employed by the architect, he may
feel inhibited in giving advice that is construed as a constraint
or & criticism of the creative genius of his employer. 8o perhaps
the Tailure in application of these important principles lies in
the inability of the two professicns to talk to one another and in
their contractual relationship.

The considerable hody of information that existe as to the influ-
ence of configuration, tends to take the form either of comments in
research papers directed towards larger issues, cor as part of the
informal lore of practicing structural engineers. The tendency is
for this information never to reach thc practicing architect, or to
reach him in a form that emphasizes design restriction rather than
developing the understanding out of which the capable designer
creates innovative solutions. Seismic engineering textbocoks tend
towards mathematical analysis rather than the evaluation of design
concepts, and the configuration issue is emphasized and then dis-
missed in a page or so of constraining directives.

The purpose of this study is not further to constrain the designer's
freedom, but to fill the void that exists by making clear, in

simple non-mathematical terms, the way in which the architecture of
a bullding affects its ability to withstand earthguakes, and to pro-
vide information that will lead the designer towards good practice
in seismic design. This study cannot replace the advice and coop-
eration of the engineer: ©but by improving the architect's under-
standing of the seismic problem it can make the joint efforts of
architect and engineer more effective. In addition, it provides
some information intended to familiarize the engineer with the
architect's requirements, and so is addressed to & dual audience.

Information is presented in conceptual rather than analytical form
because that represents the designer's way of thinking. In its
concern for clear mefhods of exposition and the extensive use of
graphics, this study is quite different from the traditional re-
scarch study,. which 1s addressed only to a few colleagues who share
a special language. The study starts with a discussion of those
aspects of ground motion which are significant to building behavior
and then explains the ways in which buildings react to this motion.
The discussicn then moves into a survey of configuration decisions
that affect the performance of the building: a focus on the archi-
tectural aspects of scismic design. Further sections then review
commeon configuration problems and their solutions, recognizing that
because of the many influences on configuration, it may be necessary
to accept a seismic configuration that is less than optimal. The
following three chapters are devoted to configuration derivation,
building type as it relates to seismic design, and seismic issucs
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in the design process. Two case gtudies of significance to the
configuration topic are then presented, followed by discussions of
seismic imagery, past and present, and the conciusions of the study.
The definition of configuration forms the subject of the firsgt
appendix, and a second appendix provides a bibliography.

The general purpose of this study, then, is to act as a bridge

between the activities of the researcher and the design profes-
sional, and to identify, organize, and present in a useful form
information which is presently scattered and difficull to find.
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I. INTRODUCTION

A. The Growth
of Knowledge

Figure I-1. World seismicity map showing
distribution of mid 20th Century seis-
mic events.

Preceding page blank

A lock at a world seismicity map {Figure I-1) reveals the truly
global incidence of earthquakes. Except for Northern Europe, most
of the other regions of very low seismicity are largely uninhabited:
Greenland, Siberia, Northern Canada, most of Australia, the Amazon

basin, the Sahara, and Antarctica.

W
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Most of the great historic architectural styles have occurred in
seismic regions, but it does not seem that the architecture that

evolved in these areas consciously expresses selismic design prin-
The seismic factor has not induced the evolution of indig-

enous construction forms as sophisticated and effective as the
large variety of climatically-determined responses with which we
are now familiar.

ciples.

Much of the explanation for this lies in the fact that the physical
characteristics of earthquakes have not been well understood until
this century. Prior %o this time earthquakes tended to be regardsd
as acts of God, and proper mitigation measures consisted of prayer
rather than architecture and engineering. By the time of the 1906
San Francisco earthquake, the ides that the design of buildings
would affect their seismic performance was beginning tc be estab-
lished, and by the 1923 Tokyoc earthgquake seismic design principles,
based primarily on empirical metheods, were firmly established.
Following the Tokyo disaster the study of earthquaske engineering
occupied some of the best engineering and geological minds in the
world and analytical methods became highly developed.

In the United States research into seismic design was concentrated
in California, spurred on by periodic events - Santa Barbara 1925,
Long Beach 1933, Kern County 1852 - that reminded the public and
responsible officials of the seriousness of the problem without,
fortunately, providing the impetus of a major disaster. Research
was done by a small group of dedicated engineers, supported almost
entirely from their own resources, and the occasional large project
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Figure I-2. Olive View Hospital
following the 1971 San Fernando Cali-
fornia earthquake.

that could Jjustify some original investigation. This state of
affairs began to change following the Alaska earthquake of 1964
which resulted in major calls on Federal funds to make good the
damage. Important studies were made on the effects of this earth-
quake, supported by Federal and State money.

The San Fernando earthquake of 1971 dramatically changed the
pileture. Although not a major disaster, severe damage to new
buildings designed in accord with prevailing codes (Figure I-2)
created major concern for the entire basis of U.S5. selsmic design
and resulted, among other things, in the intensificaticn of national
Pederally supported programs of earthguake mitigation research.

The study of seismic design has become a masjor national concern,
and as the research continues, the level of seismic design practice
iz becoming more sophisticated. This has the effcet of raising the
level of professional responsibility and expanding the knowledge of
which the professional is expected to be cognizant. Simultaneously
with this change in the range of knowledge has come a revised con-
ception of professional responsibility and liability which is
affecting all design areas. As design and construction become
increasingly institutionalized, the user demands protection from
random hazards of life safely or even discomfort over which hc or
she has no control. That control rests with the institutions and
the professionals and the courts are increasingly reinforeing this
view of responsibility.

If the protection from the elfects of earthquakes could be segre-
gated and left safely at the door of the engineer, there would be
little cause for the architect to show concern for seismic phe-
nomena. Indeed, a pattern of relative unconcern tends to character-
ize the architectural profession, even in heavily earthquake prone
areas such as California. This unconcern stems from several per-
ceptions on the architect’'s part: one is that seismic design is
indeed an engineering exercise which can be added to the architect's
concept with little need for concern on his part. This perception
is alded by the engincer's tendency often to encourage the architect
in this thinking because it enhances the engineer's mystique - his
ability to deal with mysterious forces of which the architect is
ignorant. As offten as the engineer will complain of the seismic
design difficulties that the architect’s design causes him, at the
same time he welcomes the business opportunity created by the
wizardry with which he enables the architect to still safely pursue
his design images. The architect, in his ignorance, is a nuisance
to some engineers, and a source of revenue to others.

But what does the architect do, in his ignorance, that influences
the seismice performance of the building, and is a source of vari-
ously expressed concerns by the engineer?

B. Configuration
Definition

The answer is that the architect conceives and controls the configu-
ration of the building. PFor this study configuration is defined as
building size and shape, but also includes the nature, size and
location of the structural elements, and the nature, size and lo-
cation of non-structural elements than may affect structural per-
formance (Figure I-3}. These include such elements as walls,
columns, floors, service cores and staircases, and alsc the quanti-
ty and type of interior partitions and the ways in which the exte-
rior wall is left solid or perforated for light and air. This
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cxtended definition of configuration is necessary becausc of the
intricate relationship for seismic performance between these three
groups of elements of configuration. In this, our definition
extends beyond the ldea of building form, which tends to limit
itself to overall shape or the nature of the building as & sculptur-
al mass. An approach to configuration definition for seismic design
is deseribed in Appendix 1.

AN

\/

ARG

NATURE, 5I1Z2E AND LOCATION OF
NATURE , 5I12E AND LOCATION OF ALL SIGNIFICAMNT  NON-STRUCTUE AL
SIZE AND SHAPE : STRUCTURAL ELEMENTS ELEMENTS

Figure I-3. The extended definition of configuration adopted for this study addresses three distinct issues.

c_ cOnfigurat"on Configlfra{:ion, and the f?rmal elements thf:}‘t create it, o?ig?nate in
> the building program, which can be summarized as a description of
l)f;t‘;’??’l”i"’t!; the activities that are housed in the building, the services, furni-

ture and equipment they need, and the space that they reguire.
Activities produce a demand for certain settings and kinds of space
division, connected by a circulation pattern; the combinations of
activity spaces and clrculation lead to certain dimensions and
finally into a building configuration. But there are other determi-
nants of configuration which sometimes may dominate: such things
as the geometry, geology and climate at the site, urban deslign
requirements, and architectural stylistic concerns. The final con-~
figuration choice is the result of a decision-process whieh by some
means, balances these varylng requirements and influences, and
resolves conflicts into a single result. The process of configu-
ration derivation is considered more fully in Chapter X.

D The Importance In concelving the building configuration the architect influences,
-

- - or even determines, the kinds of resistance systems that can be
Ofconf'gurat'on used and even the extent to which they will, in the broadest sense,

pe effective. TFurther, many failures of engineering detail which
result in severe damage or collapse, originate as failures of con-
figuration. In other words the configuration of the building,
¢ither as a whole or in detail, i1s such that seismic forces place
intolerable stress on some specific structural material or con-
nection and it fails.

This is not to suggest that configuration is primary, and detailed
engineering design and construction techniques secondary or of no
consequence: they are obvicusly related as contributors to the
safety and efficiency of the building. But it does mean that the
designerts first ideas on configuration are very important, because
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at a very conceptual stage, perhaps even before there is any engi-
neering discussion, he is making decisions of great significance
to later engineering analysis and detail design.

Seismic design, then, is a shared architectural and engineering
responsibility. The earthquake atbacks the building as a whole,
and does not distinguish hetween those elements conceived by the
architect and those devised by the engineer. The architect is a
full participant in seismic design, and the importance of configu~
ration has long been recognized by engineers who have studied the
behavior of buildings in earthguakes.

Indeed, as the study of building behavior continues, and more empir-
ical data are ovbtained, the importance of this issue is being
increasingly stressed. A recent publication providing directives
for the design of buildings for the armed services states (1):

"A great deal of a building's inherent resistance to lateral forces
is determined by its basic plan layout...

"Engineers are learning that a building's shape, symmetry, and its
general layout developed in the conceptual stage are more important,
or make for greater differences than the asceurate determination of
the code-prescribed forces..."

Structural engineer William Holmes, writing in 1976 (2):

"It has long been acknowledged that the configuration, and the
simplicity and directness of the seismiec resistance system of a
structure is Just as important, if not more important, than the
actual lateral design forces.”

Henry Degenkolb is emphatic in stressing the importance of configu-
ration, but alsc recognizes that seismic design is but one of many
influences on the shape of the building (3).

"If we have a poor configuration to start with, all the engineer
can do is 1o provide a band-aid - improve a basically poor solution
as best he can. Conversely, if we start off with a good configu-
ration and a reasonable framing scheme, even a poor engineer can't
harm its ultimate performance too much. This last statement is
only slightly exaggerated. Much of the problem would be solved if
all structures were of regular shape, but econcmics of lot sigzes
and arrangements, various planning requirements for efficient use
of space, and aesthetically pleasing proportions reguire the
structural engineer to provide for safe constructions of wvarious
shapes."

The nature of the problem has been well stated by the Nicaraguan
architect Jose Francisco Teran, who studied the effects of the Mana-
gua earthguake of 1972 (L).

"The guestion arises as to whether the building should be designed
to meet the functional, social, and aesthetic needs and then be
implemented for structural safety or il in seismic areas like
Managua, the special problems of stability and overall integrity
should condition the design process by which the elements of form
such as mass, symmetry, modulation, etc., are decided.
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"If we agree that such is the case, how can architects, cengineers,
owners, and the whole community develop a common design attitude
for a phenomenon that occurs critically at considerable time inter-
vals during which many of the design parasmeters actually change.
Besides, in contrast with the automobile, the ship, and the alirplane
that are designed primarily to be in motion during their funection-
ing periods, buildings are designed to be static but may be sub-
Jjected to short dangerous periods of violent motions... The more
simple, continuous, symmetrical, straightforward and repetitive the
solutions the greater will also be the degree of reliability of the
motionless structures in which we live and work when they become
attacked by seismic motions."

Teran makes two important points: that certain areas in the world
demand a rearrangement of the determinants of the design process,

so that the rare yet dangerous possibility of seismic forces becomes
a contextual issue, within which other design decisions can he made.
His other comment could serve as a design directive for work in
seismic zones: thaet solutions should be "simple, continuous, sym-—
metrical, straightforward and repetitive.”" Note that this directive
is expressed not as an absolute, but as a gqualitative factor which
influences the reliability of the structure. The plea 1s for under-
standing and knowledge, not the imposition of mandatory constraints.

E. Configuration
and the Code

One final issue: most countries have institutionalized the solution
of building problems of life and safety in the form of a code that
mandates safe standards for design and construction. How do our
building codes deal with the configuration and seismic design issue?

In the United States, until the 1973 edition of the Uniform Building
Code, configuration was not dealt with in a specific clause at all,
and at present it treats the issue only with a general caveat (5).

"Structures having irregular shapes or framing systems: The distri-
tution of the lateral Tforces in structures which have highly irreg-
ular shapes, large differences in lateral resistance or stiffness
between adjacent stories or other unusual structural features shall
be determined considering the dynamic characteristics of the
structure.

If the subjeect is important, why does the code treat it in only a
general and suggestive way? The problem seems to be that although
engineers involved in the seismic field have long recognized that
configuration is a key issue, it had been found too difficult to
reduce to the relatively simple set of preseriptive rules that is
our typical code format. This difficulty is explained in the
commentary pertion of the S{ructural Engineers Association of Cali-
fernia {SEACC) Recommended Lateral Foroe Reguirements And
Commentary (1975) (6).

"Due to the infinite variation of irregularities [in configuration]
that can exist, the impracticality of establishing definite param-
eters and rational rules for the application of this Section are
readily apparent. These minimum standards have, in general, been
written for uniform buildings and conditions. The subsequent appli-
cation of these minimum standards to unusual buildings or conditions
has, in many instances, led to an unrealistic evaluation."
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“Irregular Structures or Framing Systems” (SEAOC)

A. BUILDINGS WITH IRREGULAR CONFIGURATION

T-SHATED PLAN L-BHAYED PLAN U-SHAPED PLAN CRUCIFORM PLAW OTHER COMPLEX SHAIFS

QUITWARDLY UNEH APPEARANCE BUT
SETBACKS MULTIPLE TOWERS SPLIT LEVELS UNUSUALLY KIGH $TORY UNUSUALLY LOW STORY NOH-UWIFORM MASS DISIRIBUTION,
OR CONVERSE

B. BUILDINGS WITH ABRUPT CHANGES IN LATERAL RESISTANCE

USOFT" LOWER LEVELS LARGE OFENINGG IN SHEAR WALLS INTERRUPTION CF QOCLUMNS AINTERRUPTIGN OF BEAMS

C. BUILDINGS WITH ABRUPT CHANGES IN LATERAL STIFFNESS.

M

A

ARRUFT CHARGES TN LN OV wEATbRS

D. UNUSUAL OR NOVEL STRUCTURAL FEATURES

CARILE SUYEORTE]

il CNRWGERED TR SUTENENGS O RILn DR

Figure I-4. Graphic interpretation of "irregular structures or framing systems’ from the Commentary to the SEAOC Recommended
Lateral Force Reguirements And Commentary.
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SEAOC has produced updated editions of the Recommended ILateral Force
Requirements And Commentary since 1959. The "Requirements™ of these
documents has been adopted almost verbatim into successive editions
of the Uniform Building Code, but the Commentary section has not.

In this section are listed over twenty specific types of "irregular
structures or framing systems" as examples of designs which should
involve extra analysis and dynamic consideration rather than use

of the normal equivalent static force method. These are illustrated
in Figure I-%, which is a graphic interpretation of the SEAOC list.

Scrutiny of these conditions will show that the majority of irregu-
larities are configuration issues within the terms of ocur defi-
nition. Further, our inspections have shown that somewhere between
5-80% of buildings built in the last fifteen years by a typical
major national contractor (PFigure I-5) fall into one or more of
these irregular categories: the percentage range allows for rela-
tive Jjudgements In subjectively allccating designs to a category.

N
R
N
1333
B
N
N N
s

\§
N

$

Figure I-5. Representative montage of
buildings constructed by a major
National contractor in 1977. HNote ir-
regular forms.

Cursory examination of the plan forms cof the ten largest buildings
on eight University of California campuses, a sampling which
includes residential, office, library, educational, and laboratory
buildings, shows that 75% have major irregularities, and on several
campuses all ten largest buildings are irregular. 1t is important
to emphasize that these irregularities are ones created by the
designers, not by problems intrinsic to the buildings themselves.

It is safe to say that well over half the buildings that have been
designed recently do not conform to the simple uniform building
configuration upon which the code is based and hence, to a greater
or lesser extent, the code forces are inapplicable. The simple
equivalent static force method of the code must be augmented by
engineering experience and judgement, perhaps combined with a full
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dynamic analysis. While major building projects will have careful
engineering conception and analysis there remain many irregular
buildings designed in bare adherence to the code in which, for
reasons of cost or ignorance, the modification of seismic per-
formance created by configuration irregularities may not have been
carefully congidered and accommodated in the design.

A recent review of the purpose of selsmic codes provides the his-
torieal context necessary to understand the limitations of the
code's provisions (7).

"In the 1930's, 40's, and 50's the structural engineers of Celi-
fornia (with recognition of the experiences of Japanese engineers)
generated the basic earthguake code and design procedures which are
employed through-out the world today. It is most important to
recognize that these engineers had developed these provisions for
the types of Puilding construction which were prevalent in Cali-
fornia at that time -~ specifically structures in Tos Angeles and
San PFrancisco. These buildings typically had strong steel (with
concrete fireproofing) framing skeletons, filled with very well-
constructed bhrick masonry walls and strong concrete flooring
systems. They were usually symmetrical and regular in their
configuration, and in most cases they qualified as goocd tough earth-
quake resistant structures. It is a most educational experience to
walk along Market Street in San Francisco and see some of these
structures that survived the motion effects of the disastercus 1906
Earthguake withoub even significant damage. The California engi-
neers, having a knowledge of the good performance record of these
structures, formulated the following type of design philosophy:

. relatively low lateral earthquake forces for the design of
structural members.

. relatively strict rules governing the types of allowable mate-
risls, the methods of member design and tough connections, and
an implied need for symmetry and regularity.

"For the time up to the 1960's, before which much construction in
California did not differ substantially from that of the tough
buildings, this philosophy was appropriate to provide seismic
resistant structure.

"However, architectural configuration along with methods of con=
struction have changed significantly in the past two decades.
Frames have become much more open and irregular, and the rugged
systems of masonry partition walls and concrete floors have been
replaced by largely prefabricated elements with very flexible
characteristics. The low seismic design forces which were guite
appropriate for the classical o0ld methods of construction were
applied without change for the newer structures... The basic error
was that the new buildings did not have the regularity, stiffness,
and reserve toughness necessary to justify the classical low design
values."

It is important to understand the basic philosophy of the code.

The code's purpose is to prevent injuries to people, not to reduce
damage to buildings, hence the focus of its provisions is to prevent
structural collapse. In a large earthquake g building may suffer
considerable structural and non-structural damage, but as long as
the building does not collapse, the intent of the code has been met.
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Hence, we design our buildings recognizing the probability of
damage, for complete damage prevention is an unrealistic goal;
damage control is the aim. To a large extent, configuration deter-
mines where the damage will occur - whether it will be contrelled,
distrivbuted, and safely absorbed, or whether it will be accidentally
concentrated in a way that can lead to catastrophic failure of
critical elements.

The above gives some indication of the difficulties experienced in
the atbempt to codify the influence of configuration. In work
currently in progress to develop a sophisticated national code for
seismic design (8) these difficulties remain essentially unresolved.
It is also clear that bare adherence to the code will not ensure
that the influence of configuration has been addressed.

That a situation should prevaill in which the basis upon which many
buildings are designed is different from that upon which the seismic
code is based, is a cause not for alarm but for understanding.
Conceptual recognition of problems caused by configuration predates
bty many decades today's analytiecal study. Much of the information
is empirical: early observers noted the behavior in earthquakes

of buildings of certain types of material, construction, and con-
figuratioen. 3But this situation emphasizes the danger for the
designer of relying exclusively on the code provisions, and not also
developing a conceptual understanding of the nature of the dynamic
envirenment and the way in which the building responds.
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A. The Nature of
Ground Motion

Figure II-1l. Professor Sekiya's wire
diagram of the motion of an earthquake,
enlarged 12-1/2 times. The actual
smount of motion is shoyn full size in
the small diagram to the right.

START

FINtSH

Figure II-2. Scratch left on the floor
by a kitchen range in the 1933 Long
Beach California earthqQuake.

The following description by Samuel Clemens, who experienced sev-

eral earthquakes while in California in the 1860's, shows that an

acute observer, even with no geologic training, can accurately de~
seribe the varied nature of ground motion in earthquakes (1).

"I have tried a good many of them here, and of several varielies,
some that came in the form of a universal shiver; others that gave
us two or three sudden upward heaves from beiow; others that swayed
grandly and delibverately from side to side; and still others that
came rolling and undulating beneath our feet like a great wave of
the sea."

Tf one could hover motionless during an earthguake over a marked
spot on the earth it might be seen to move erratically, tracing
out a random path resembling that of the wandering of an insect.
"Ground mction" is a literal description; the ground moves, to a
maximum distance of about a foot, relative to its stationary
starting point.

Tn 1887 Prof. Sekiya modelled in a three-dimensional wire diagram,
the motion of a point in the earth during the first 20 seconds of
an earthquake (Figure IT-1). This was based on the seismogram of
the Japanese earthguake on January 15, 1887. The model is made %o
scale about twelve and a half times greater than the actual earth
movement. The actual amount of motion was about 0.29 inch, which
is represented full size in the small diagram to the right of the
main illustration. It is important to visualize the small size of
characteristic earth motion, and to realize that it is the building
reaction to this movement that causes the large structural displace-
ments that ultimately lead to damage and failure,

The accompanying diagram (Figure IT-2) of the scrateh on a kitchen
floor left by a kitchen range in the 1933 Long Beach earthquake is
another example of the typical complexity of building movement
caused by ground motions. However, it must be noted that the path
of motion traced by an object is not necessarily a directly trans-
latable record of the motion of the ground, for the object may not
remain stationary in space while the ground moves beneath.

Occasionally, the ground motion is predominantly back and forth in
one general direction {such as in the 1978 Sendai or 1963 Skopje
earthquakes) or is composed of a single shock, (as in the 1960
Agadir event) but this cannot be predicted. A skilled cbserver
later to become eminent in the natural sciences, reported this fact.

Charles Darwin, having rounded South America's Cape Horn on the

Beagle voyage, was in Chile during the 1835 earthquake. He noted
that the damage in Concepcion suggested that ground motion was pre-—

dominantly along one axis {2). )
Preceding page blank
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Figure IT-3. Chinese selsmoscope,
136 A.D.

EFICENTER~  SURFACE
/ muu;w;

FRULTING
“QT DEPTH"

FOCUS, OR HYPOCENTER
(POINT OF FIRST
ENERGY RELEASE)

Figure II-b. Definitions used to de-
seribe the location of an earthquake.

"The town of Concepclon was built in the usual Spanish fashion,
with all the streets running at right angles to each other; one
set ranging S.W. by W., and the other set N.W. by N. The walls in
the former direction certainly stood better than those in the
latter: +the greater number of the masses of brickwork were thrown
down towards the N.E...."

Darwin was not the first to observe that ground motion is commonly
more emphatic along some axes rather than others, for understanding
of this phenomenon was reached very early in history. John Milne,
one of the European scientists In Japan in the last half of the
1800's who helped lay the groundwork for Japan's subsequent prom-
inence in seismic research, found a contemporary account of an
ancient (136 A.D.) Chinese seismoscope {Figure IT-3), which ele-
gantly illustrates the point that inertial forces may be exerted

in any direction (3).

"When an earthquake occurs, and the bottle is shaken, the dragon
instantly drops the ball... With this arrangement, although one
dragon may drop the ball, it is not necessary for the other seven
dragons to drop their balls unless the movement has been in all
directions; thus we can easily tell the direction of an earthquake.”

Farthguakes are the result of slippage along a fault plane, often
well below the surface of the earth. Geologists have various
methods of determining the presence of fault planes and their
characteristics. The presence of a fault indicates the possibility
of an earthquake, though determination of its likelihood and size
is still a very uncertain science. Geologists have a different
sense of time from most of us: for them an active fault - which
may be expected to cause an earthguake - is one that has moved in
the last 10,000 years. In investigating faults related to nuclear
facilities, active faults are defined as those that have moved in
the last 500,000 years; a more cautious definition related to the
potential danger of a nuclear facility.

Slippage along a fault line deep in the earth's surface may even-
tually result in "surface Taulting," the crack or split on the
earth's surface that provides the layman's vision of earthgquakes.
Surface faulting may result in large earth movements - perhaps
several yards - and a building located across a surface fault is
almost certain to guffer very severe damage however well it is
designed. However, the probability of a building location strad-
dling a line of surface rupture is relatively low compared to the
probability of a building location that will be gffected by ground
motion caused by fault slippage.

The epicenter is the point on the earth's surface directly above
where the fmulting and energy release first begins (Figure II-4).
Since the fauvlting plane is not necessarily exactly vertical, and
since the fault may rupture along & considerable distance, shaking
at the epicenter may not be the most intense, although it will
almost certainly be among the more heavily shaken areas in = given
earthquake.

The ground motion that is transmitted through the base of g
building, then, has a random form, but sometimes an emphatic direc-
tion. The motion originates in four clearly defined types of waves
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DIRELTION OF WRVE MOVEMENT

Figure II-5, TFour types of earthguake
waves created by a fault rupture,

Figure IT-6. Liquefaction, 1964 Niigata
Japan earthguake.

created by a fault rupture (Figure II-5). These are the primary,
or P wave, which is the fastest, traveling at about Okm. per
second, or 18,000 mph., snd arrives first. It has the form of a
sound wave that, as it spreads out, alternately pushes and pulls
at the ground material. The second type of wave is the secondary
or 8 wave; this shears the rock sideways at right angles to the
direction of travel. The third type is a surface wave called the
Love wave, that is similar to a secondary {8) wave with no vertical
displacement; it moves the ground from side to side horizontally
parallel to the earth's surface, at right angles to the direction
of propagation, and produces horizontal shaking. The fourth type
of wave, alsc a surface wave, is known as the Rayleigh wave; in
this the disturbed material moves both vertically and horizontally
in a vertical plane pointing in the direction in which the waves
are traveling. Of the two surface waves, Love waves generally
travel faster than Rayleigh.

Earthquake ground motions can be increased or decreased in amplitude
or "size," and their rapidity of vibration or frequency can be
varied, as the waves travel through various soil and rock layers

and by topography as well. Relative smpiifications of alluvial soll
or San Francisgsco Bay mud compared to granite are approximately times
b and times 9 respectively. From this brief conceptual description
it becomes clear that, as is often the case with physical phenomena,
although the constituent parts are well understood and readily
analyzable, their interaction creates effects that appear random,
complex, and somewhat unpredictable. Hence the motions that imitate
the random wanderings of an insect.

The nature of the ground motion that affects the building can be
summarized in a conceptual way as follows. The waves that create
motion emanate from the line of fault rupture, and so approach the
building from a given direction., The nature of the waves and their
interactions is such that actual movement at the ground will be
random: predominantly horizontal, often with some directional
emphasis, and sometimes with a considerable vertical component.

The actual horizontal ground displacement 1s small, generally
measured in fractions of an inch, but in extreme cases the movement
may be as much as a foot. These small displacements should he dis-
tinguished from displacements of surface fault rupture, which have
been measured as large as 20 feet.

The other threatening type of movement of the ground, is the family
of geclogic hazards. Liquefaction is a condition in which the soil
changes temporarily from a solid to a liquid state {Pigure IT-6).
This effect is related to loose granular soils and sand and the
presence of water, and hence tends to apply to sites located adjoin-
ing rivers, lakes, and bays. ZEngineering to mitigate the effects

of liquefaction involves foundation design, or stabilization of the
soil itself. Because of the uncertainties and costs of such
measures, avoidance of sites with a potential for liquefaction rep-
resents the best design approach.

Landslides, or ground disturbance, can be triggered by earthquake

ground motion. Tsunami ("tidal waves") are earthquake-caused wave
movements in the ocean, and seiches are similar sloshing in closed
lakes or hays.
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B. The Measurement
of Ground Motion

5-wave 30
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prwave amplitude
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Figure II-T. The accelerogram.

Figure IT-8. 1.0g, or 100% of gravity,
is equivalent to designing a building
which cantilevers from a vertical
surface.

Ground moticn is recorded by a seismograph, an instrument only in
existence since the late nineteenth century. The Chinese seismo-
scope illustrated earlier showed only the principal direction of
the earthguake, and did not record its history. The seismograph
records the movement over time of a freely supported pendulum

within a frame that is attached to the ground. Most of us have seen
seismographs in museums and are familiar with the continuous ink
trace on a rotating drum,

In modern seismographs, pendulum movement is converted into elec-
tronic signals on tape. Strong-motion seismographs, called accel-
erometers, are designed to record nearby rather than distant ground
movement directly, and produce a record called an accelerogram.
Instruments are normally placed so as to measure movements along
the two horizontal axes and the one vertical. Three measures are
of major interest: acceleration, velocity, and displacement.
Acceleration is the rate of change of velocity: when multiplied
by mass it results in the inertial fcrce which the building must
resist., Acceleration is commonly measured in g - the acceleration
of & free falling bedy due to earth's gravity (approx. 32 fit/secc/
sec., or 980 cm/sec/sec., or 980 gals, or 1.0g).

Velocity, measured in inches or centimeters per second, refers to
the rate of ground motion. Displacement, measured in inches or
centimeters, refers to the distance a particle is removed from its
at rest position.

The accelerograph provides a picture of the ground shaking; accu-
rate interpretation of this picture regquires skill and experience
but the principles are illustrated in Figure II-7. In the accel-
erogranm the arrival of the P wave begins the motion. This is
followed by the S wave: the time interval between the two enables
the distance from the instrument to the earthquake focus to be cal-
culated. The duration of strong motion shows clearly, and the
maximum wave amplitude can be measured directly. The ground accel-
eration can be caleulated Ly relating amplitude to time., Velocity
and displacement are obtained mathemstically by integrating the
acceleration record once and twice respectively.

The level of acceleration generally taken as sufficient to produce
some damage Lo weak construction is 0.lg. The lower limit of
acceleration perceptible to people is set by observation and exper-
iment at approximately 0.001lg or lem/sec? ; at between 0.1g and
0.2g most people will have difficulty keeping their footing and
sickness symptoms may be induced.

An acceleration approaching 0.50g on the ground is very high. On
upper floors of buildings, maximum accelerations will bhe higher,
depending on the degree to which the mass and form of the tuilding
acts to damp the vibratory effects. A figure of 1.00g may be
reached, or 100% of gravity; diagrammastically equivalent, in a
static sense, to trying to design a building that projects hori-
zontally from a vertical surface (Figure II-8). (When the behavior
of real huildings is observed, it is seen that several factors
modify this diagrammatic equivalence, and structures which could
never cantilever from a vertical surface, can briefly withstand 1.0g
earthquake shaking).
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Figure II-9. The 194G El1 Centro Cali-
fornia earthquake.
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Figure II-10, Comparative accelerograms
for several earthguakes. Note that all
arc to the same scale.

The measure of acceleration is commonly used to indicate the pos-
sible destructive power of an earthquake in relation to a building.
A more significant measure is that of acceleration combined with
duration., This is not hard to visualize intuitively, and it is
important to understand that a number of cycles of mederate accel-
eration may be much more difficult to withstand than a single peak
of much higher value, As will be discussed later, frequency is
another major parameter of ground motion for design purposes. The
instrumentation will alsc provide a measure of the duration of the
gtrong motion.

The duration is thought to relate to the length of the fault break,
and typically will occupy only a few seconds. The 1971 San Fernando
earthquake only lasted a little over ten seconds, yet created much
destruction. In 1906, San Francisco, the severe shaking lasted
about 45 seconds; in Alaska in 1964 the earthquake was over 3
minutes. The record of the 1940 El Centro, California earthquake,
for many years the best record available, showed strong motion con-
tinuing for approximately 25 seconds, with the major accelerations
ccecurring for approximately 5 seconds (Figure II-9). This earth-
quake recorded a maximum acceleration of 0.32g, a maximum ground
velocity of 13.7 in./sec. and a maximum ground displacement of

9.3 inches. Comparative accelerograms for a number of earthquakes
are shown in Figure II-10.

For building design, we are interested in a number of aspects of

the measurement of earthquakes. We need a way of comparing one
historic earthquake to another. We need to be able to estimate the
characteristics of probable ground shaking of a future earthquake,
and to be able to relate it to a known historic event so that, by
analogy, we can estimate forces and damage. Two earthquake measure-
ment systems are in common use: neither, for various reasons, is
really satisfactory to us from the building design viewpoint.

Farthquake magnitude is the first measure: it is expressed as a
Richter Magnitude based on the scale devised by Prof., Charles
Richter of California Institute of Technology in 193%5. Richter
selected the term magnitude by analogy with the corresponding astro-
nomical usage for an absolute scale of star brightness independent
of the location of the recording station. Richter's scale is based
on the maximum amplitude of certain seismic waves recorded on a
standard seismograph at a distance of 100 kilometers from the earth-
quake epicenter. Note that the scale tells us nothing sbout du-
ration or freguency, which may be of great significance in causing
damage.
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Figure II-11. To determine Richter Mag-
nitude at varying distances from the
epicenter, conneet on the chart:

A. the maximum amplitude recorded by a
standard seismometer, and

B. the distance of seismometer from the
epicenter of the earthquake (or differ-
ence in arrival times of P and S

waves) by

C. a straight line,

D. read the Magnitude off the center
scale.,

Because, of course, the instrument will seldom be exactly 100km o+
the source, Richter developed az method for allowing for the di-
minishing of the wave amplitude record with increase of distance

{just as the light of & star appears dimmer with distance). This
method is shown graphically in Figure II-11.
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Because the size of earthquakes varies enormously, the graphic
range of wave amplitude measured on seismograms is compressed by
using as a scale the logarithm to base ten of the recorded wave
amplitude. Henee each unit of magnitude indicates a 10 times
increase in wave amplitude. But the energy increase represented by
each unit is estimated by seismologists as approximately 31 times.
Thus the amplitude of an 8.3 magnitude earthquake is 10,000 times
that of an 4.3 shock, but its energy release is approximately
1,000,000 times.

The actual energy released by an earthquake is not a significant
measure in relation to building reaction. It i1s of parenthetical
interest to realize, however, that the energy release of earth--
quakes is very large indeed. Tt is estimated that the total energy
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Figure II-12. Two earthquakes may have
equal magnitudes but be distinctly
unequal in other respects. The 1906
San Francisco California earthaguzake
ruptured rock over a shorter length and
shallower depth — only 1/25 the area -
as the 1960 Chilean eartihquake.

relgased by;earthquakes each year throughout the world is between

10”° ang 10% ergs. This is approximately egulvalent to the present
total yearly consumpbion of energy for all purposes in the United

States.

The Richter scale has no fixed maximum, but about 9 is the greatest
ever recorded. An earthquake of magnitude 2 on the scale is the
smallest normally felt by humans; an event with a magnitude of T

or more is commonly considered to be major. While the Richter scale
accomplishes the goal of enabling us to make an objective comparison
between earthquakes, it tells little about the local effects. It
can also be an inadequate meagure of the size of large earthquakes,
in terms of the extent of geographical area affected (Figure II-12).
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To provide information directly related to local shaking and build-
ing damage, several intensity scales are in use. 1In the United
States the commonly used scale is the Modified Merecalli (MM),
originally proposed in Eurcpe in 1902, modified in 1931 by Wood and
Neuman, to fit construction conditions then prevalent in California
and the United States. The MM Scale is based on subjective obser-
vation of the effects of the earthquake on buildings, ground, and
people. Because these effects will be different depending on
distance from the epicenter, nature of the ground ete., one earth-
gquake will have many MM values. An abridged version of the MM
Scale, developed by Richter in 1956, is shown in Figure II-13.
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Figure II-13. The abridged Modified
Mercalll {MM) scale. :

MODIFIED MERCALLI INTENSITY SCALE (1956 versionm)

I. Not felt. Marginal and long-period effects of large earthquakes.
II, Felt by psrsons at rest, on upper floors, or faverably placed.

III. Felt indoors. Hanglng objeets swing., Vibration like passing of light trucks, Du-
ration estimated. May not be recognized as an earthquake.

Iv. Hanging objects swing. Vibration like passing of heavy trucks; or sensation of a
Jolt like 2 heavy ball striking the walls. B8tanding cars rock. Windows, dishes,
doors rattle. Glasses clink. Crockery clashes. In the upper range of IV, wocd-
en walls and frames creak.

V. Felt outdoors; direction estimated. Sleepers smkened. Liguids disturbed, some
spilled. Small unstable objects displaced or upsel. Doors swing, close, open.
Shutters, piclures move. Pendulum clocks step, start, change rale.

VI. Felt by all, Many frightened and run outdoors. Persons wmik unsteadily. Win-
dows, dishes, glasswarc broken. Knicknaeks, books, ete. off shelves. Pictures
off walls. Furniture moved or everturned. Weak plaster and masonry D cracked.
Small bells ring {church, school), Trees, bushes Shaken vigibly, or heard to rus-—
tle.

V1I, Difficult to stand., DNoticed by drivers. Hanging objects gquiver. PFMurniture bro-
ken., Damage to masonry D, including crecks, Weak chimneys broken at roof line.
Fall of plaster, loose bricks, stones, tiles, cornices, alse unbraced parapets and
architectural ornaments. Some cracks in masenry (. Waves on ponds, water turbid
with mad. Bmall slides and caving in along sand or gravel banks. Large bells
ring. Cencrete irrigation ditches damaged.

VIII. Steering of cars affected. Domage to masonry €; partial collapse. Some damage
to masonry B; none 1o masonry A. Fall of stucce and some masonry walls. Twisting,
fall of chimpeys, factory stacks, monuments, towers, elevated tanks. Frame houses
moved on foundations if not bolted down; loose panel walls thrown out. Decayed
piling broken off. Branches broken from trees. Changes in flow or temperature of
springs or wells. Cracks in wet ground and on steep slopes.

TX. General panic. Masonry D destroyed; masonry £ heavily damaged, sometimes with com-
plete collapse; masonry B seriously damaged. General damage to foundations.
Frame structures, if not bolted, shifted off foundations. Frames racked. Sericus
damage to reservoirs. Underground pipes broken, Conspicuous cracks in ground,
In alluviated areas sand and mud ejected, earthquake Tountains, sand craters.

X. Most masonry and frame structures destroyed with their foundaticns. Some well-
buiit wooden structures and bridges destroyed. Serious damage to dams, dikes, en—
bankments. Large landslides. Water thrown on banks of canals, rivers, lakes,
ete. Sand and mud shifted horizontally on beaches and flat land. Rails bent
slightly.

XI. Rails bent greatly. Underground pipelines completely out of service.

XIL. Demage nearly iotal. Lurge rock masses displaced. Lines of sight and lovel dis-
torted. OQbjects thrown into the air.

MASONRY A. Good workmanship, mortar, and design; reinforced especially laterally, and
bound togelher by using steel, concrete, ete.; designed to resist lateral forces.

MASONRY B, Good workmanship and mortar; reinforced, but nol designed in detail to reist
lateral forces.

MASONRY C. Ordinary vworkmanship ang mortar; no extreme weaknesses like failing to tie
at corners, but neither reinforced nror designed against horizontal forces.

MABOBRY D, Weak materials, such as adobe; poor mortar; low standards of workmanship;
weak hoerizontally.

Charles Richter has explained that (4):

"Magnitude can be compared 1o the power output in kilowatts of a
broadcasting station. Local intensity on the Mercalli scale is then
comparable to the signal strengith on a receiver at a given locality;
in effect the quality of the signal. Intensity like signal strength
will generally fall off with distance from the source, although it
also depends on the loeal conditions and the pathway from the source
to the point."

The MM Scale has been roughly correlated with ground acceleration,
for example MM VIL corresponds to a peak acceleration of betyeen
approximately O.lg and 0.29g. Other similar twelve point scales are
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Figure II-14. Approximate conversions
for intensity scales.

in use in China and Russla. Japan uses an eight point scale recog-
nizing, perhaps rightly, the difficulties of a twelve point grading
scale (Figure II-14).

In our present measurement systems then, we find a paradox. Magni-
tude based on objective instrumentation and mathematics does not
provide the local information about ground shaking that is of most
concern to designers. The MM Scale, while being directly oriented
to building effects, relies on a methodology of subjective compari-
sons; 1ts information sources consist of observations, posteard
damage reports, and newspaper clippings, expressed in a Roman
numeral scale.

Besides the subjectivity of the MM Scale, another problem is that
of its age: +the listing of construction materials emphasizes
masonry and does not refer Lo many modern methods of constructicn
such as glass curtain walls, hung ceilings, or precast concrete.
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A_Inertial Forces

Figure III-1., The P-e effect. The
stresses caused by the P-e moment occur
concurrently with the other stresses
induced by the earthquake and gravity.
At a particular instant, the stresses
may all be additive.

Preceding page blank

Ground motion does not damage a building by impact similar to that
of' the wrecker's ball, or by externally applled pressure as by
wind, but rather by internally generated inertial forces caused by
vibration of the building's mass. The building's mass, size, and
shape - its configuration - partially determine these forces and
also partially determine how well they will be resisted.

Inertial forces are the product of mass and acceleration (Newton's
F=mzxa). Acceleration is the change of veloeity (or speed in a
certain direction) over time and is a function of the nature of the
earthguake; mass 1s an attribute of the building. ©Since the forces
are inertial, an increase in the mass generally results in an
increase in the force. Hence the immediate virtue of the use of
lightweight construction as a seismic design approach.

The other detrimental aspect of mass, besides its role in increas-
ing the lateral lcads, is that failure of vertical elements such as
columns and walls can occur by buckling when the mass pushing down
due to gravity exerts its force on a member bent or moved out of
plumb by the lateral forces. This phencomenon is known ags the P-e,
or P-Aeffect (Pigure III-1). The greater the vertical force, the
greater the moment due to the product of the force, P, and the
eccentricity, e (orA).
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Although buildings generally have large vertical load carrying
reserves due to code gravity load requirements, this safety factor
does not necessarily mitigate the P-e problem, which can induce
bending in columns.

Earthquakes shake the ground in a variety of directions ~ inecluding
up and down components. Codes generally treat these vertical earth-
quake forces lightly, although they may be two-thirds as great as
the lateral earthquake forces, and "seismic design" and "design for
lateral forces" are not really synonymous terms.

It is vertical loads that almest always cause buildings to collapse
in earthquakes; however, in earthguakes buildings geuerally fall
down, not over. The lateral forces use up the strength of the
structure by bending and shearing columns, beams, and walls, and
then gravity pulls the weakened and distorted structure down.
Steinbrugge and Moran (1) noted that in the 1952 Xern County earth-

gquakes, even top-heavy elevated water tanks fell down, not over
(Figure III-2).
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Figure IIT-2, Typical failure sequence
of an elevated water tank,

1952 Kern County California earthquake.
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Figure III-3. Fundamental periods of
various structures.

If one shook a flag pole with a heavy weight on top in the attempt
to break it, one would quickly learn to synchronize one's pushes
and pulls with the pcle’s natural tendency to vibrate back and
forth at a certain rate - its fundamental period. If it tends to
swing back and forth one complete cycle once a second when "plucked"
and allowed to vibrate, it has a fundamental period of one second.
If we can predict approximately the rate at which the ground will
shake, which is similar to controlling the rate at which cne shakes
the base of the pole by hand, we could adjust the rate at which the
pole will naturally vibrate so that the two either will or will not
coincide. If they coincide, then the dimensions of the swing will
start to increase, the pole will be said to resonate, and the loads
cn it will increase.

Ground motion will impart vibrations to a building of a similar
nature to ocur shaking of the flag pcle. The fundamenial periods of
structures may range from about 0.05 second for a well anchored
piece of equipment, 0.1 for a one story simple bent or frame, 0.5
for a low structure up to about 4 stories, and between 1-2 seconds
for a tall building from 10-20 stories. A water tank on & single
support may have a fundamental period of 4, that of an offshore
driliing rig will be between 2.5 - &, and a large suspension bridge
may have a period of about 6 seconds (Figure III-3).

Natural periods of soil are usually in the range of 0.5 - 1 second,
so that it is possible for the building and ground to have the same
fundamental period and therefore there is a high probability for
the tuilding to approach a state of partial resonance {quasi-
resonance). Hence in developing a design strategy for a building,
it is desirable to estimate the fundamental periods both of the
building and of the site so that a compariscn can be made to see if
the probability of quasi-resonance exists. If the initial study
shows this to be the case, then it would be advisable to change the
resonance characteristics of the building (for the site character-
istics are fixed) by methods that will be discussed later.

The natural periods of different types of ground are estimated by
methods calling for a great deal of judgement, based on experience
in previously recorded earthguakes on sites of like - or supposedly
like ~ ground characteristics. These estimates are expressed by
use of a response spectrum, which provides a useful illustration of
the expected behavior of the site.
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Figure IIT-L. The principle of the re-
sponse spectrum,
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Figure III-5. A typical response
spectrum for a particular earthguake
and site,

Figure ITI-6. Five ways to change the
fundamental period of a flag pole.

‘The principle of the response spectrum, developed in 1931 by

M. Bict, can be visuaiized as follows. Figure I1I1-4 shows a series
of cantilever pendulums (similar to our flag poles) whose periods
lengthen towards the right hand side. If these are imagined as
attached to a movable base, and the bhase is agitated to represent
the strong motion of an earthquake as recorded on a selsmograph,
the maximum response of each pendulum can be recorded - that it,
the time and particular frequency during the earthquake at which
each pendulum will tend to resonate, with vibration of maximum
amplitude. These maximum responses can be plotted against the
periods of the pendulum, and will provide a curve, or response
spectrum, that relates the nature of the ground motion to a range
of natural periods. Note that every site will alsc show a differ-
ent response spectrum for each earthquake - in terms of magnitude,
type of ground motion, and distance of the fault slippage from the
site - that is plotted. A typical curve will appear as in Figure
III-5; the horizontal ordinate represents T, or periods, and the
vertical ordinate generally represents equivalent acceleration.

In relating the estimated period of a new bullding to that of a
site, curves will be drawn for the site that represent a range of
responses; these will show the periods at which a maximum response
is likely: part of the seismic design problem, then, is to "tune"
the building in such a way that its own period is outside the range
of probable site periods, and the possibility of forced amplifi-
cation by resonance is reduced or eliminated.

How does one "tune" the building in this way? In the case of the
simple flag pole paradigm, the pole's period might be altered by
any or all combinations of the following: changing the position of
the weight to some lower height; changing the height of the pole;
changing the sectional area or shape of the pole; changing its
material; altering the fixity of the base anchorage {Figure III-6).

O3

LOWER BALL LOWER POLE  CHANGE POLE  (HANGE POLE  ALTER BASE
HEIGHT HEIGHT SECTION VIATERIAL FIxiTY

There are analogous possibilities for buildings, though the buildin
is much more complex than the simple monolithic flag pole. A strue
ture can have more than one period, even if all factors remain con-
stant. There are higher modes of vibration in which the struecture
will experience increasingly snake-like deflections, rather than
just bending vack and forth {(Figure III-T). 'Though the first mcde,
simple to and fro motion, is generally the significant period of
structural interest, higher modes can be important for tall slendex
pbuildings.

Seed and Alonso {(2) concluded that in the 1967 Caracas earthquake,
quasi-resonance between the underlying soil and the building itsel
provided the best explanation for otherwise puzzling observed dam-
age patterns. Buildings of comparable construetion and configu~
ration performed quite differently according to their location, an
the soil depth and fundamental period of vibration of the soil in
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Figure 1II-7. Higher modes of vibration
for a building.

these locations correlated with high or low damage ratios depending
upcen whether a given building's period was similar or dissimilar
to these site periods.

In general, a more flexible, longer period design may be expected
to experience lesser forces, proportionately, than a stiffer
building if the site is composed of bedrock which will efficiently
transmit short period vibrations while filtering out longer period
motions. By contrast, since it is difficult for a layer of soft
alluvium several hundred feet deep to vibrate rapidly, even though
the input motion from the bedrock beneath it may be high frequency,
a stiffer building may have much less response than one with a
longer period.

It is generally true that locations closer to the fault from where
the energy is released will experience higher freguencies of ground
motion, and at large distances the motions will probably be of lower
frequency type which eye witnesses will call rolling, slowly rock-
ing, swaying, etc.

Tn the 1954 Dixie Valley earthquake in Nevada, a very few unusually
long period structures 185 miles away in Sacramento were selec-
tively damaged while for other buildings and inhabitants of the
city, no earthquake motion was experienced (3).

"... Thus, the seismic waves, which originated with the earthquakes,
passed beneath Fallon, Renc, and Carson City without damaging them
only to damage tanks and reservoirs in Sacramento. Fortunately, a
strong-motion seismograph in Sacramento recorded the ground motion,
The record clearly shows a number of ecycles of ground motion rang-
ing from 5 to & sec. This caused quasi-resonance to the liquids

in tanks at three different locations in Sacramento and in one case
destroyed reinforced concrete walls. The computed natural period
of the flulds in the tanks and in the reserveir fell in the same
range as the period of the ground motion, and the quasi-resonance
that ccecurred caused large-amplitude water waves."

Ancther related concept needs to be understood: +this ig the char-
acteristic of damping, which affects the dynamic behavior of the
btuilding, and modifies its response to ground motion.

C. Damping

If a building resonates in response to ground motion, its acceler-
ation is amplified - just as the response of certain types of soils
may amplify the ground motion. This amplification can be wvery
great: for a pendulum the amplification might be fifty fold, an
increase which, for a building, would result in disastrously large
forces. However, buildings are prevented from resonating with the
purity of a pendulum, because they are damped: +that is, they are
rather inefficient in their vibration, and when set in motion tend
to return to their starting position quieckly. The extent of
damping in a building depends on 1ts connections, non-structural
elements and construction materials, and we make assumptions about
our designs based on knowledge of previous structures.

Critical damping refers to the amount of damping which will prevent
cseillation from taking place - i.e. a pendulum will simply return
to the center when plucked - and damping is measured as a percentage
of critical damping. This is an arbitrary assumption because we
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have no rational approach to the theory of damping, and even the
empirical date are less than quantitatively consistent. It is thus
useful to modify the ground response spectrum by assuming percent-
ages of damping that represent reasonable figures for buildings -
generally of the order of 2% to 15% of critiecal, with figures at
the low end of this scale most commonly used in design.

When damping is introduced, the general shape of the response curve
remains the same, but the magnitudes are greatly reduced. Although
damping is theoretically subject to alteration, in practice 1t is
not generally regarded as a design variable.

Currently our codes recognize the heneficial aspect of flexibility
{long pericd) by permitting lower design coefficients. However,
the amount of motion experienced by these structures means that
they may suffer much greater damage to their non-structural com=-
ponents.

This is not a new discovery: 1in the 1923 Tokyo earthquake, the
Yusen and Marunouchi buildings, which were steel frame curtain wall
buildings, both suffered mostly non-structural but expensive damage.
Cn the other hand, the Japan Industrial Bank, Kabuki Theatre, and
Jitsugyo buildings, {designed by Dr. Tachu Naito), which had rigid
frames stiffened with shear walls and braced bents, were almost
undamaged {L).

Glen Berg has commented on these issues (5):

"One puzzling anomaly in code development persists. Most earthguake
engineers would agree that Dr. Naito was right when half a century
ago he advocgted the use of rigid rather than flexible structural
systems. Experience has demonstrated the validity of his position
time and time again. Although properly designed flexible and stiff
structures may be equally safe, flexible structures consistently
inecur greater economic damage than stiff structures, especially
non-structural damage. Yet the code provisions consistently grant
benefits for flexible structures and penalties for stiff ones...
All of these provisions may technically be sound, but whether they
lead to optimum structures from the economic or social viewpoint
remains an open question.”

D. Ductility

Even 1f resonance is avoided, and the building 1s well damped,
analysis will show that structures will be subject to foreces that
are much higher then those for which, under the building code, we
will design. The code's equivalent static force formula method

will produce a design lateral force of about 5% to 20% of the
building's mass in high seismic zones, or a theoretical design
acceleration of 5% to 20% of gravity (.05 to .2g). Real earthgquakes
have produced accelerations considerably in excess of this amount
but, the fact that, under these conditions, our structures are ade-
gquately safe can be partly explained by the material property called
ductility. This is the property of certain materials - steel in
particular - to fail only after considerable inelastic deformation
has occurred. Inelastic deformation is that in which the material
does not refurn to its original shape after distortion. Brittle
materials, however, such as concrete - fail suddenly with a minimum
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Figure III-8. Variations in ductility:
steel is shown in the left curve, and
concrete at right.

of deformation (Figure 1II-8). HNote however, that the steel con-
tained in reinforced concrete can give this material considerable
ductility also. The act of deformation absorbs energy and defers
absolute failure of the concrete.

STRESS
STRESS

STRAIN STRAIN
DUCTILE BRITTLE

Ductility and reserve capaclty are closely relasted: past the elas-
tic 1imit (the point at which loads cause permanent deformation),
ductile materials can take further loading before completely rup-
turing. In addition, the member proportions, end conditions, and
connection details will also affect ductility. Reserve capacity is
the ability of a complete structure to resist overload, and is
dependent on the duetility of its individual members. The only
reason for nct reguiring ductility is to provide so much resistance
that members would not exceed elastic limits.

E. Torsion

The center of mass, or center of gravity, of an object is the point
at which it could be exactly balanced without any rotation result-
ing. Uniformly distributed mass results in the coincidence of a
plan's geometric center with the center of mass (Figure 1II-9).

An eccentric distribution of mass locates the center of mass away
from the geometric center {Figure TTT-10). fThis means that since
every particle of mass of an object is attracted by gravity toward
the center of the earth's mass {"down"), the opposite force exerted
upward to counteract this force or "weight" must be precisely
located under the object's center of mass to make the object bal~
ance without any net moment: +the tipping moments along all axes
must cancel out.

Figure II1-9. Uniformly distributed Figure III-10. Eccentrically distributed
mass: center of mass acts through geo- mass: center of mass acts eccentric to
metric center. geometric center,
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When the particles of mass are accelerated horizontally due to
earthquake inertia forces, the same balancing principles apply.
Farthquakes create inertia forces which can be likened to a random,
pulsating, horizontal egquivalent of gravity: every particle of
mass is accelerated laterally (and sometimes vertically as well).
If the mass within a floor is uniformly distributed, then the
resultant force of the horizontal acceleration of all of its par-
ticles of mass is exerted through the floor's center (Figure III-
11). If the resultant of the resistance (provided by walls or
frames) pushes back through this point, and hence meets the result-
ant of the loads head on, translational dynamic balance is main-
tained (Figure III-12). Otherwise, horizontal rotation, or torsion,
would result.

If the mass is eccentrically disposed, the earthguake load will be
eccentric as well since the earthquake only generates a load
because of the presence of mass, and the amount of load is directly
propertional to the amount of mass. If the load is eccentric, then
the resistance must also be eccentric so that the location of the
center of mass and the center of horizontal resistance are at the
same point (Figure III-13), and torsion is avoided.

Figure III-11. Uniformly distributed
mass: resultant of inertia forces acts
through geometric center.

Figure IIT-1k. Torsion in a simple
building configuration.

Figure ITI-)2, Uniformly distributed Figure ITT-13. Eecentrically distributed
mass: resultant of resistance acts mass: eccentric resistance acts through
through geometric center - no torsion. the center of mass providing dynamic

balance - no torsion.

Figure III-14 shows the torsional effects created in a simple
building configuration. Torsion is occurring because a uniformly
distriputed lateral force is not resisted by a uniformly distrib-
uted lateral resistance. Other common examples of torsion {gome-
times useful} are illustrated in Figure III-15.
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Figure III-15. Useful applications of
torsien,

In a building in which the mass is approximately evenly distributed
in plan - which would be typical of a symmebtrical plan with uniform
floor, wall, and colwmn masses « the ideal arrangement is that the
earthquake resistant elements should be symmetrically placed, in
all directions, so that no matter in what direction the floors are
pushed, the structure pushes back with a balanced stiffness which
prevents rotation from trying to occur. Hence the general rule is
usually stated that symmetry is a valuable configuration character-
istic; however, this admonition is a somewhat simplistic directive,
as is discussed later.

F. Strength
and Stiffness

DRIFT

i

Figure ITI-16. The definition of drift:

horizontal story-to-story deflection.

Strength and stiffness are intuitively two of the most important
charactericstics of any structure. However, although these two con-
cepts are present in non-seismic structural design and analysis,
the distinction between strength and stiffness 1s perhaps most
critical and its study most highly developed in structural engi-
neering as applied to the earthquake problem.

One measure of stiffness is deflection, and for vertical gravity
loads is, in most cases, the only aspect of stiffness which is of
concern. In the sizing of floor joists, deflection rather than
strength often governs. The analogous lateral force condition is
when limitations on drift, the horizontal story-to-story deflec-
tion, impose more severe requirements on members than the strength
requirements {(Figure III-16). The strength problem is how to resist
a given load without exceeding a certain stress; the stiffness or
horizontal delflection problem is how to prevent the structure from
moving ocut of alignment more than a given amount., In the design of
a floor gystem, the joists may tolerate a certain deflection but

the ceiling finish cannot; similarly drift must be limited, even if
the structure can tolerate more, hecause of its effect on non-
structural components, particularly partition, skin and ceiling
elements, and on the comf'ort of occupants. FExcessive horizontal
deflection can also cause loads to be applied eccentriecally to their
columns, discussed earlier as the P-e effect,

The Uniform Building Code prohibits drift from exceeding 1/2% of
the story height {under the design forces, with a multiplier to
correct for safety factors). This would be 1" for a 16'-8" high
story.

Occasionally in the design of a floor system, it is not possible to
assign loads to members merely on the basis of tributary areas
without taking into account how stiff the members are. For example:
if a beam and a girder interact by being monolithie or framing into
one another, as shown in Figure ITI-17, and if the girder is so
stiff that, as it deflects one inch, it becomes highly stressed,
while the beam is so flexible that with one-inch deflection it is
Just beginning to be stressed, it is intuitively obvious that it is
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Figure III-17. Stiff and flexible beams.

Figure III-18, Relative rigidities of
concrete walls which are identical
except for length {i.e. 10' high, 10"
thick, restrained top and bottom, same
modulus). As an example: an 8' long
wall is double the length of a &' wall,
but its rigidity is over three times
(22/6) greater. The 8' wall will have
iouble the shear strength, but since
load is proportional to rigidity, it
111l carry over threc times the load.

almost as if the very flexible beam were non-existent: the stiff
girder takes almost the entire load. If the flexible beam 1s incre-
mentally stiffened, it will begin to take a larger and larger share
of the floor load.

The relative rigidities of members is occasionally of concern for
gravity lecads, but it is a major concern in seismic analysis. As
soon as a rigid horizontal element, or diaphragm, such as a concrete
slab, is tied to vertical resisting elements, it will force those
elements to deflect the same amount. (Since the diaphragm is rigid,
it can be assumed, for analytical purposes, that it moves trans-
lationally the same amount throughout its area without any dis-
tortion. "Rigid" in this case refers to certain particular types
of diaphragms discussed later.) If two elements, (two frames,
walls, braces, or any combination) are forced to deflect the same
amount, and if one is stiffer, that one will take more of the load.
Only if the stiffnesses are identical can it be assumed that they
share the load equally. Since concrete slab construction flcors or
roofs will generally fit into the "rigid diaphragm" classification,
and sinee it is unusual for all walls, frames or braced frames to

be identical, the evaluation of relative rigidities is a necessary
part of most seismic analysis problems.

Figure III-18 shows the relative rigidity of a number of concrete
walls of different dimensions: +the important point here is that,
for rigid diaphragm structures, walls take load in proportion to
their rigidity. Doubling the length of a wall approximately doubles
its shear strength, but more than doubles its rigidity, and hence
more than doubles 1ts load.

The other important aspect of stiffness, the overall stiffness of

a building as measured by its period, has been previously dis-
cussed in connection with response.
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G. Resistant Systems
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Figure III-19. Components for seismic
resistance.

Figure III-20. Gravitational forces vs.

seismic forces.

In designing to resist seismic forces, the structural engineer uses
a small vocabulary of components which are combined to form a com-
plete resistance system.

In the vertical plane three kinds of components resist lateral
forces: shear walls, braced frames, and moment resisting frames
(sometimes called 'rigid frames'}. In the horizontal plane dia-
phragms gre used, generslly formed by floor and roof planes of the
building, or horizontal trusses (Figure ITI-19). These elements
are also basic architectural components. Their presence is the
result of the schematic architectural design of the building. They
may be modified in location or shape as a result of structural
analysis, and members may sometimes be sdded.

It is useful for the architectural designer to acquire an under-
standing of the way these resistance systems work, in response to
the forces that the earthguake generates: the detailed calculations
can he left to the engineer. The architect may neither be able nor
wish, to acquire the depth of theoretical understanding snd experi-
ence which the engineer must have, but it is worth attempting to
transfer a feeling for structursl forces, because once acquired,
this feeling can zct as an almost antomatic guide to the designer.

Most designers have acquired a sense of vertical static forces, if
only through the experiences of their own bodies. A sense of dy-
namic forces is less easy to acguire naturally, but many athletes -
skiers, high divers, skate boarders - also have a good sense of how
movement modifies the effect of gravity. One way of attempting to
transfer a feeling for the way in which lateral forces work is %o
imagine them as vertical forces, rotated 90°. The following
sketches represent an elementary course in this approach. However,
the reader should remember, as we have seen, that seismic forces
are more complex than gravity forces and must always be visualized
as dynamie - moving - and as multi-directional rather than operat-
ing in a single direction (Pigure TIT-20).

SEISMIC GRAVITY
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H. Diaphragms

Figure IIT-71., The diaphregm: a hori-
zontal beam.

Figure III-22. Diaphragm penetrations.

The term 'diaphragm' is used to identify horizontal resistance ele~
ments, {generally floors and roofs) that act to transfer lateral
forces between vertical resistance elements (shear walls cr frames).
The diaphragm acts as a horizontal beam: the diaphragm itself acts
as)the web of the beam, and its edges act as flanges (Figure III-
21).

Flecors and rcofs often have to be penetrated - by stalrcases, ele-
vator and duct shafts, skylights, or architectural features. The
size and location of these penetrations is critical to the effec-
tiveness of the diaphragms. The reason for this 1s not hard to see
when the diaphragm is visualized as a beam: we can for example

see that openings cut in the tension flange of this beam will seri-
ously weaken its load carrying capability (Figure III-22). Tn a
vertical load system, a penetration through a beam flange would
oceur in either a tensile or compressive area; in a lateral load
system, the hole will be in a region of both tension and com-
pression, since the loading alternates direction.

When diaphragms form part of a resistant system, they may act either
in a flexible or stiff manner. This is partly dependent on the

size of the diaphragm - its area between enclosing resistance ele-
ments or stiffening beams and girders - and also a function of its
material. The flexibility of the diaphragm, relative to the shear
walls whose forces it is transmitting, also has a major influence

on the nature and magnitude of +those forces, This effect is shown
by Figure III-23.
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Figure III-23. Horigzontal resistant ele-
ments: Tlexible and rigid disphragms.

FLEXIBLE DIAPHRAGMS
UBUALLY MADE OF wooD, STEEL DECKING WITHOUT (ONCRETE, OR
LIGHTLY ~ TRUSSED DECKIMG. LONG NARROW DIAPHRAGMS OF ANY
MRTERIAL MAY ALSO BEHAVE FLEXIBLY.

CENTRAL WALL HRVING TWICE THE
TRIBUTHARY ARER TAKES TWICE THE
LORAD A5 EACH END WALL (EVEN iF
THE END wWnllS ARE STIFEER).

VYLV Y Y vy
T
R 2R R
R: REACTION

THE DIAPHRAGM IS MUCH MORE
FLEXIBLE THAN THE VERTICAL
ELEMENTS AND /5 ASSUMED TO

ACT LIKE SIMPLY SPANMING BE AMS
ON  UNVIELDING SUPPORTS. WALLS
TAKE LOADS ACCORDING TO
TRIBUTARY MASSES (OR TRIBUTARY
AREAS IF MASS (5 EVENLY DISTRIBUTED.
DIRPHRAGH 15 BSSUMED INCAPRBLE
OF CARRYING TORSIONRL MOMENTS,

RIGID DIAPHRAGMS

USURLLY COMCRETE SLABS.

THE WALLS SHARE
PROPORTION TO THEIR STIFFNESSES——

THE LOADS IN

THE RELATIVE RIGIDITY RULE. IF ALL
3 WALLS RRE EQUALLY RIGID, AND
IF THEY ARE FORCED TO STRAIN THE
SAME AMOUNT, THEM THEY MUYST BE
EQUALLY STRESSED AND EQUALLY
LOADED. IF ONE WALL 15 TWICE As
STIFF RS RNOTHER, IT WILL CARRY
TWIRE RS MUCH LOBD. (RELATIVE
RIGIDITIES, AMD HEMCE LORD
DISTRIBUTION, MAY CHANGE IF ONE
WALL " YIELDS ERBLIER THAN OTHERS)

VIR AREAEAR

N
T
R

THE VERTICAL FLEMENTS ARE
MORE FLEXIBLE THAN THE
DIRPHRAGM, WHICH IS ASSUMED 10
AT LIKE A NON-DISTORTING PLATE,
{THOUGH FOR OTHER PURPOSES, SUCH
AS CALOULATING How FAR A
MRSONRY WALL WILL LEAN, THE
DIAPHRAGHM RESTRAINING THE WRLL IS
ASSUMED TO DEFLECT) THE SUPPORTS
FOR AN INFINITELY RIGID BEAM
DEFLECT THE SPME FMOUNT (BEFORE
TORSION S RDDED M),
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Figure II11-24. Collectors.

Figure III-25. A system of collectors.,

Figure III-26. Holes in collectors:
vertical lcad analogy.

the

Collectors, or drag struts, are diaphragm framing members which
"oollect" or "drag' diaphragm shear forces from laterally unsup-
ported areas to vertical resisting elements.

N-5 COLLECTOR COLLECTOR

RESISTIVE WALLS

FOR N-5 FORCES

As the diaphragm attempts to move nerth (or south), walls 1, 2, and

3 resist via transfer of shear from diaphragm to top of wall
(Figure III-2L). The forces shown in bold, which will be counter=
acted by a reaction supplied by Wall 2, cannot be directly trans-
ferred to the wall, and hence a collector (which may or may not be
a beam for vertical loads) must drag these forces back to Wall 2.
The diaphragm on either side of it delivers shears simultaneously,
so they are additive. UFor the case shown, the collector would be
in tension and through its anchorage it pulls on Wall 2. For the
case when the diaphragm attempts to move scuth {northward ground
movement) the collector would be in compression and would push
Wall 2. The same situation occurs on the other axis, so an east-
west collector would be used as well (Figure III-25).

The location of a hole (core, skylieght, ete.) at the intersection
of the component rectangles would interrupt the collector's load
path (Figure TIT-26), and hence should be avoided,
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I. Shear Walls and
Braced Frames

Figure III-27. Forces in shear walls.

Pigure IIT-28, Shear walls: vertical
analogy as cantilever beams.

Figure IIT-29. Direction reversal.

Vertical cantilever walls which are designed to receive lateral
forces from disphragms and transmit them to the ground are commonly
termed shear walls. The forces in these walls are predominantly
shear forces, though a slender shear wall will also incur signifi-
cant tending (Figure III-27).

INERTIAL. FORCES,
& DIAPHRAGM

4='M
N f:; SHEAR FORCES
,47:_"{;;/{;,;7;;““‘

— GROUND MOTION

Figure III-28 shows a simple building with shear walls at its ends.
Ground motion enters the building and creates inertial forces which
move the flcor diaphragms. This movement is resisted by the shear
walls, and the foreces are transmitted back down to the foundation.

Tf the building is visualized as rotated so that it extends hori-
zontally, it is clear that the shear walls are acting as cantilever
girders which support beams represented by the floor diaphragms.
However, unlike a normal cantilever supporting gravity forces, the
shear wall must resist dynamic forces that are reversing their
direction, for as long as the strong motion continues (Figure III-
29), which is dependent on the characteristics of the earthguake.

= ,l

—
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Figure IIT-30, Shear wall location.
Schematie plans can be conceived of as
eollections of resistant elements with
varying orientations (to resist trans-
lation) and with varying distences from
the center of rigidity {(to resist
rotation, or torsion).

The size and location of shear walls is extremely critical.

Plans

can be conceived of as collections of resistant elements with
varying orientations to resist translational forces, and placed at
varying distances from the center of rigidity to resist torsional

forces.

geometric plan forms is shown in Figure III-30.

Some conceptual aspects of wall location within simple

SCHEMATIC
CONFIGURATTION

SISTIVE ELEMENIS FORIRESISTIVE ELEMENTS FOR
“—> EARTHQUAKE FORCES EARTHQUAKE FORCES

RESISTIVE ELEMENTS

FOR TORSICH 4ij}

|

184310 L411 8B

L

03 1170 ENLLABH AL

u

MAJOR PROBLEM: NC
TORSIONAL RESISTANCE

™

-PRODUCES TORSTON

N\

PRODUCES TORSICN

I

L

LITTLE TORSIONAL
RESISTANCE (SMALL

LEVEL ARM)

TWO-AXIS ANALYSIS IS NOT SUFFICIENT: FOR
FORCES ALONG TUIS DIAGONAL AXTS 7, THERE
ARE NO RESISTANT ELEMENTS

“
{%

PRODUCES
TOGRSION

PRODUCES
TORSION

ALTHOUGH TPIANGLES MAY INTUITIVELY SEEM TO
BE GOOD STRUCTURAL FORMS, THEY TEND TO
PRODUCE IMBALANCED PLANS
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Braced frames act in the same manner as shear walls, though they
may be of lower resistance depending on their detailed deslgn.
Bracing generally takes the form of steel rolled sections, circular
bar sections, or tubes; vibrating forces may cause it to elongate
or compress, in which case it loses its effectiiveness and permits
large deformations or collapse of the vertical structure {Figure
IIT-31). TInelastic behavior must be designed into the bracing to
create a safe assembly.

Figure III-31. Near failure of a braced
frame warehouse, 1978 Sendai Japan
earthquake.

]

Detailing to ensgure complete load paths for the high forces is very
important, and detailing which causes eccentricity may greatly
) 1 reduce the effectiveness of bracing, although some sophisticated
1 TT - bracing schemes now coming into use incorporate offset joints (6).
These are designed to ensure that non-linear behavior would occur

— COLUMN . -
first in beams rather than columns, and through failure control
and the use of ductility, delay the onset of total collapse caused
by column buckling (Figure III-32).
o [ LINK  BEAM
N L

ECCENTRICITY
7

BRACE.

T

Figure III-32. Bracing with offset
joints.
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J. Moment Resistant
Frames

When seismic resistance is provided by moment resistant frames,
lateral forces are resisted by bending and shearing of columns and
beams, which are connected by moment connections. Joints become
highly stressed, and the details of their construction are impor-
tant. In addition, behavior of the frame in the inelastic, or
plastic, range becomes an important feature in resistance strategy,
by using the energy absorption obtained by permanent deformation of
the structure prior to ultimate failure. For this reason moment
resistant frames are generally conceived as steel structures with
stiff welded Jjoints, in which the natural ductility of the material
is of advantage. Recently, however, properly reinforced concrete
frames have alsc been accepted as ductile frames: that is, they
will retain some resistance capacity in the inelastic range, prior
to fallure.

The use of moment resistant frames is of architectural significance
in two ways. One is that their use obviates the need for shear
walls or braced frames, with the possible restricting planning
implications of both. The other is that moment resisting frame
structures tend to be much more flexible than shear wall type
structures, with consequent implications for the design of accom-
panying architectural elements such as curtain walls, partitions,
and ceilings.

Just as in a shear wall resistance system, in which specific walls
are assigned to the resistance task, so in a frame design the
noment resistant frames may be only a portion of the total frame
structure.

K. Non-Structural
Elements

Figure III-33. Damage to non-structural
block walls, Elmendorf Air Force Base,

during the 1964 Anchorage Alaska earth-
quake.

Finally, it is important %o recognize that non-structural elements
may, inadvertently, form part of the lateral resistance system.
$.B. Barnes has commented pointedly on this issue as follows {7):

"Some designers not too familiar with the actual response of struc-
tures in earthquakes have designed structures to resgsist earthqguakes
but ignored the effect of non-bearing but stiff and frangible
filler walls. They have said to themselves these are just filler
walls or partitions and we will ignore them in our computations.
Unfortunately, no one has communicated with these walls and told
them that they were to play a passive part in earthquake resistance.
The U.S. Government Buildings at Elmendorf Air Force Base and Fort
Richardson in Anchorage were full of L-inch conerete block, non-
reinforced walls which tried to act in diamgonal compression or
diagonal itension (Figure ITI-33). Some of these exploded like
shrapnel and had the earthquake occurred at some other time the
loss of l1life would undoubtedly have been much greater. And, of
course, by ignoring the rigidities of these walls the computations
made were greatly in error, at least until these walls failed.
Isolation of these walls 1s permissible provided really effective
isolation details are used."

If rigid enclosure or separation walls are not isolated from the
structure by slip Joints, they must be designed as integral parts
of the structure, and their location then becomes a structural
issue. Because of the tremendous rigidity of walls as compared to
frames, a small amount of wall in the wrong place can drastieally
redistribute loads and change the structure's performance.
Asymmetrical wall arrangements can overwhelm a symmetrical frame's



52 ITI. BUILDING REACTION TO GROUND MOTION

attempt to respond to lateral forces in a relatively torsion-free
manner. Staircases, since they may form diagonal braces, are
similarly gquite rigid and guickly assume =z large structural role,
for gocd or ill, unless isclated from lateral mevements (Figure
TTI-34). '

However, non-structural elements may alsc provide a degree of
useful redundancy (see Chapter IV, Section K for a discussion of
redundancy). A common example of beneficial, uncaleulated seismie
resistance, demonstrated in & number of earthquakes, is the ability
of "non-structural”™ wood frame partitions to hold up an unreinforced
masonry building after the exterior "load bearing” walls have
completely collapsed (Figure IIT-35). In these older apartment or
hcetel buildings, continuous wooden jolsts sometimes carried their
loads by undesigned cantilever action after exterior walls fell.

§ : Cne of the clear virtues of normal wood frame residential con-

Figure II1-3k, Staircase damage in 1978 struction, lies in the redundancy of load paths and the multiplicity
Sendai Japan earthguake. of Jjoints.

Figure III-35. Undesigned cantilever
fioors at the Hotel Californian, in the
1925 Santa Barbara California earth-
quake.
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L. Conclusio

n

SR
We can qualitatively summarize the reaction of the building to
ground motion as & set of conditions which, because of the number
of unpredictable variadvles, must be viewed as subject toc great
uncertainty. This atmosphere of uncertainty has been well
expressed by Henry Degenkclb (8).

"The basic problem has its source in the fact that it is much more
demanding of the engineer because we are dealing with unknown loads,
meager information of material properties and the performance of
the structure is determined in the ultimate load range rather than
at service loads.

"As far as the Structural Engineer is concerned, the most important
aspect of earthquake engineering is this basic difference from all
other struectural design. Our design forces are only a small frac-
tion of the forces expected to be exerted on a structure in a major
earthquake. In other words, the structure will be overstressed many
times as defined by usual design standards.”
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A. Introduction

Figure IV-1. Typical analytical diagram
of earthguake forces.

RELEVANT ANALYTICAL AXES:
= N 7

Figure IV-2. For complicated configu-
rations, more than two axes may be used
for analysis.

Preceding page blank

Figure IV-3. Consideration of forces
along primary axes generally will
include the worst leading cases.

In identifying those characteristics of configuration that affect

the way in which the building responds to earthquakes, the defini-
tion of configuration provided earlier may be recalled: that the

term refers both to the overall shape of the building, and to the

size, nature and location of resisting and non-structural elements
within it.

This section provides a general survey of the ways in which con-
figuration influences seismic response, and in so doing, emphasizes
the configuration aspects of the behavicr discussed in Chapter III.

Before considering building configuration issues in more detail, it
is important to re-emphasize the ways in which the building reacts
to the dynamic forces of ground motion. The complexity of this
reaction can be compared to the simplicity of the building response
to the static force of gravity. I a one hundred pound weight is
set on a floor there is no way that the structure can avoid carry-
ing that precise weight down to the foundation.

But because earthquakes exert rapidly fluctuating dynamic loads, we
cannot begin to determine seismic forces unless we know a bullding's
dynamic characteristics. And even with this knowledge, the

sequence of events and the interaction of different elements of the
building under dynamic loads are so complex that the exact nature

of seismic forces must be subject to great uncertainty.

This complexity should be remembered when visualizing the lateral
forces on a building configuration which are generally modelled by
diagrams such as Figure IV-1. This type of diasgram originates in
the form of the typical seismic design analysis, in which earth-
quake forces are separately applied to each of the main axes of the
building. To choose to consider only two axes is raticnal in the
case of a rectangle; for a circle all axes are the same; for com-
plicated shapes, the building mlght have to be looked at along
several axes (Figure IV-2).

The basic concept is that since earthquake forces may come from any
direction, the application of forces perpendicular to the major
axes of walls or frames usually simulates the two worst cases. If
ground motion, and their corresponding forces occur diagonally,
then the walls or frames along both axes can participate in their
resistance and the forces in each will be correspondingly reduced
(Figure IV-3). These issues were discussed previously in Chapter

III, Section I, with specific reference to shear wall location.
AT A B
+(cos 4—5") =35
R =50 Ri=0
o
i
R4=0 R2=0C Rg=50 R2=50 R4=35 Ryp=35
K3=50 R3=0 i?a- 35
> LF
V=foo V=100 V-IOO

R= RESISTANCE OF WALLS OR FERMES
V= PREDOMINANT DIRECTION OF EARTHOURKE FORCES
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It is important to note that in actuality, earthquake forces are

much more complex than cur dlagrams would indicate. Ground motion

is random, and the main direction of emphasis will only be axial
ié%? by chance. In any event, total ground motion will always include
E:j i}i non-axial components. So a better diagram for visualizing con-

figuration reaction to ground motion might be Figure IV-k,

Figure IV-b. Earthquake forces — the A building is not a homogeneous block, but is an assembly of parts.
reality. Fach part receives forces from adjoining parts through Jeints,
horizontally and vertically. At the scale of a steel sectlon or

of wood blocks, the behavior of the T-shaped member is gquite differ-
ent from that of the full-size building (Figure IV-5). In the
homogenecus section, the top flange of the T provides useful
resistance along the axis of the leg of the T. For the full-size
building, the overall T shape contributes nothing in the way of
useful resistance. On the contrary, as we shall see, the wings of
the T gives rise to torsion and incompatible deformetions.

L\\\L J Because the building is not a homogeneous block, in a larger
L ‘\‘\ building the ground motion will affect different parts of the
b building at times which are different enough to be significant, and

Figure IV-5. The block and the assembly. BV au“’ct?matically indl‘lce toréior} or ix‘lcompatible movement even in g
geometrically symmetrical building (Figure IV-56).

i
-]

. The building, veing made of parts and connections, will have dif-
A\fjff ferent locglized strengths and stiffnesses, some calculated, some
(L

{ Wicreddill inadvertant caused by the interaction of non-structural elements
' o or configuration influence. This further removes its behavior from
Figure IV-6. The large building. that of a homogeneous material (Figure IV-7).

Figure IV-7. Localized strengths and
stiffnesses,

B. Sca’e It is possible to violate configuration principles in a wood-frame

: house by introducing irregularities that would be serious problems

i in a large building, and yet produce a safe building with the

inclusion of relatively inexpensive and unobstrusive provisions.
This is because a small wood frame house is light in weight and
inertial forces will be low. In addition, spans are small and,
relative to the flcor area, there will be a large number of walls
to distribute the loads, and remedisl measures, if khowledgeably
designed, can be small in scale.

Houses in landslide areas of Anchorage which not only were severely
shaken in the 196L earthquake but which also slid dozens of feet
ending up in various askew positions looking like grounded boats

Figure IV-8. Small size allows askew
house to remain more or less intact . X X
following 1964 Anchorage &laska earth- (Figure IV-8), probably had their small size, and relatively light
quake,
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Figure IV=9. The designer's bridge.

Figure IV-10. The scale of a pendulum.

weight, primarily to thank for remaining more or less intact, even
though they were never designed to protect occupants from such an
eventuality.

Alex Tarics has compared the house with a structure at opposite
ends of the size spectrum: if the designer had wanted to put a
kink in the shape of the Golden Gate Bridge (Figure IV-9), it would
have been physically impossible. TFor a larger building, the vio-
lation of basic layout and preoportion principles exacts an
increasingly severe cost, and as the forces become greater, good
performance cannot be relied upon as in an equivalent building of
vetter configuration. This does not mean that small buildings do
not pose significant problems as well.

The problem of scale is clearly exemplified by a pendulum: without
knowing its absolute dimensions it is impossible to guess at what
rate a pendulum will swing back and forth. If the weight is a
marble and the string only a few inches long it is easy to imagine
the pendulum completing more than one to and fro cycle in a second,
whereas 1if the weight is a wrecking ball and the length 100', one
immediately begins to visualize a period of several seconds

(Figure IV-10).

-
-

-

!
\

I P
4",4”

This interrelaticnship of variables defeats the attempt quickly to
compare one size building with another by simply invoking the
ceteris paribus assumption that all variables except one can be
held constant. The effects of size on gravity forces is easier to
analyze than the effects of size on seismic forces.

With this major qualification, some discussion of size alone can be
attempted. As the absclute size of a structure increases, the
number of alternatives for its structural solution decrease. A
bridge of 300 feet may be built as a beam, arch, truss, or sus-
pension system, but a span of 3000 feet will demand a suspension
bridge.
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It is not possible to alter the size of a structure and it compo-
nents and still retain the same structural behavior. This basic
principle of physics was not elucidated until Galileo pointed out
in 1637 (1):

Y. ..nor can nature produce trees of extraordinary slze because the
branches would break down under their ocwn weight; so also it would
be impossible to bulld up the bony structures of men, horses, or
other animals so as to hold together and perform their normal
functions if these animals were to be inereased enormously in
height; for this increase in height can be accomplished only by
employing a material which is harder and stronger than usual, or by
enlarging the size of the hones, thus changing their shape.,.. I
have sketched a bone {(Figure IV-11) whose natural length has been
increased three times and whose thickness has been multiplied
until, for a correspondingly large animal, it would perform the
same function which the small bone performs for its small animal.”

Figure IV-11i. Galileo's sketch.

When less than full-size models are tested on shaking tables, their
dimensions must be taken into account according to the principles
of dynamical similitude. The mass, and hence load, must be multi-
plied, otherwise the structures'! strengths would be overscaled,
Just as an ant carrying a twig cannot serve as a scaled down model
of a person carrying a tree.

c. Height Inereasing the height of a building may seem equivalent to increas-—
ing the span of a caniilever beam, and it is - all other things
being equal. The problem with the analogy is that as a building
grows taller its period generally increases, and a change in period
means a change - either upward or downward - of the level of
response and size of forces. It is unlikely that an earthquake
could ereate sustained high acceleration motions with predominant
periods of two seconds, [or example, whereas past earthquakes
appear to be quite capable of concentrating their energies in the
vicinity of one-half second.

Hence a building over twenty stories in height, which would proba-
bly have a fundamental period over cne second and approaching or
exceeding two seconds, would probably experience a lesger effective
acceleration of its mass than a five to ten story structure which
had a period of halfl a second. The period of a building is not
solely a function of height but also of such factors as height-to-
depth ratio, story heights, type of structural systems and mate-
rials, and the amount and distribution of mass. Hence changing the
size of a building may simultanecusly change one or more of these
variables, change the period, and hence increase or decrease the
seismic forces.

Although a 100 foot height limit throughout Japan was enforced
until 1964, a 150 foot/13 story limit was the maximum in Los Angeles
until 1957, and 80 feet and later 100 feet in San Francisco, height
is rarely singled out as a variable to be controlled to mitigate

the earthquake problem. Presently the appreoach is not to legis-
late seismic height limits but to legislate more specific seismic
design and performance criteria. Generally, urban design, real
estate, or programmatic factors will be more significant, and
earthquake performance must be engineered with the height prede-
termined. When there is some latitude in site utilization, and
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Figure IV-12. Section of Veterans
Administration Hospital, Loma Linda,
Califernia.

when the earthquake factor is especially important, building height
may be strongly influenced: Loma Linda hospital, discussed in
Chapter XIIT, and the IBM complex in Santa Teresa, California (2)
are two recent large buildings that were limited to four stories,
pr%marily in response to seismic planning requirements (Figure IV-
12).

i e o620 40’

Many engineers are more apprehensive about the performance cof 5-15
story mid-height buildings in a major earthquake than that of
taller buildings over about 20 stories. While many of the mid-rise
buildings are cheaply and speculatively built, the taller buildings
generally have more investment in engineering design. In a high
seismic zone, the code will force the building over 160' tall to
have a ductile momenti-resisting frame.

D. Horizontal Size

Tt is easy to visualize the overturning forces associated with
height as a seismic problem, but large plan areas can also be
detrimental. When the plan becomes extremely large, even 1f it
is a symmetrical, simple shape, the building can have trouble
responding as one unit to earth vibrations.

S. Polyakov, in his 19T4 work on Soviet seismic practice, points
out that simple assumptions concerning ground motion may not hold
true for extremely long buildings (3).

"Tn determining seismic forces, it is usually assumed that the
structure vibrates as a system in which all points of a plan at the
same level and at the same moment in time are in the same phase of
displacement, velocity and acceleration, their amplitude being the
same. In reality, since the propagation of seismic waves is not
instantaneous but has a final [finite] velocity depending on the
density of the ground and the characteristics of the structursal
elements, the variocus paris of the hase of the building along its
length vibrate asynchroncusly with different accelerations, thus
causing additicnal longitudinal compressive-tensile stresses and
herizontal displacements. Other conditions being equal, the longer
the building, the greater the probability of these stresses and

the greater their effect...”

The Soviet building code lists specific maximum lengths according
to zones and construction types. Pre-existing temperature
stresses, and pre-existing or earthquake-induced settlement
stresses, are also greater in buildings with large plan dimensions,
and these stresses can be additive to the stresses induced by
lateral forces.

Polyakov also points out {(4):
"An increase in the length of a building increases the stresses in

a floor working as a horizontal distribution diaphragm in a trans-
verse direction. The rigidity of the floor may not be sufficient
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Figure IV-13. Addition of shear walls
t0 decrease span of diaphragm, Veihmeyer
Hall, University of California at Davis.

to redistribute the horizontal load during an esrthquake from
weaker or damaged supporting elements of the building to stronger
elements or those with minor damage.”

Unless there are numerous interior lateral force resisting ele-
ments, large plan buildings impose unusually severe requirements on
their diaphragms, which have large lateral spans, and can bulld up
large forces to be resisted by shear walls or frames. The solution
is to add walls or frames that will reduce the span of the dia=-
phragm, although it is recognized that this may introduce problems
in the use of the building.

For recent seismic rehabilitation of a long, narrow, low, uni-~
versity building with shear walls at the ends, structural analysis
concluded that the best approach was to add two interior cross
walls to shorten the length-wise span of the diaphragm (Figure IV-
13). This recommended step was the most important part of the
sclution, and comprised 90% of the estimated cost of the rencvation.
In other words, if the building had been designed initially with
better wall/diaphragm ratio, 90% of its problem would have been
obviated.
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Figure IV~1h. k:1 height/depth ratio.

In seismic design, the proportions of a building may be more impor-
tant than its absolute size. For tall buildings the slenderness
ratio (height/depth) of a building, caleulated in the same way as
for an individual column, is a more important consideration than
Just height alone.

Dowriek suggests attempting to limit the height/depth ratio to
three or four, explaining (5):

"The more slender a building the worse the overturning effects of
an earthquake and the greater the earthquake stresses in the outer
columns, particularly the overturning compressive forces which can
be very difficult to deal with."

Since interior planning requirements for offices and apartments
require that most high rises are at least 60 feet in width, a
slenderness ratio of four allows approximately twenty stories, so
that for most conventional tuildings this rule is automatically
observed (Figure IV-14).
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Figure IV-15. Comparative slenderness
ratios. From left to right: Washington
Monument, Woolworth Building, Pirelli
Building, World Trade Center, Sears
Tower, Empire State Building, and the
U.S. Steel Building. (Note, all are
not drawn to same seale).

Figure IV-16. Small site leads to a
slender building, San Francisco, Cali-
fornia.

Y
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Figure IV-1T. UBC proportional limits
for plywood diaphragms {nailed all
edges).
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In general, our tall buildings are not as slender as our recollec-—
tion would have us believe {Pigure IV-15). The New York World
Trade Center towers, with a slenderness ratio of €.8, are excep-
tional and such unusual buildings can generally afford a very high
level of structursl design. Unususl sites however, may sometimes
produce a high slenderness ratio, even though the building is not
unusually high (Figure TV-16).

The plan equivalent of the height/depth, or slenderness ratio, 1s
the aspect ratio. The same generalization holds true: long

slender forms are undesirable. If bracing 1s located only around
the exterior, then the longitudinal axis will be quite stiff but the
transverse axis, having only two end walle or frames located far
apart, will be quite flexible. The diaphragm must span a great
distance, and will act like a long slender beam, whereas the
assumptions used to analyze diaphrams, presume short shear beam
behavior (Figure TV-17).

In the case of 15 California school buildings analyzed by John
Blume, Roland Sharpe, and Eric Elsesser, the authors found that the
typical shape was a long rectanguler building containing side-by-
side classrooms. However, the short axis was typlcally stiffer
than the long axis (6).

"Single~story schoel buildings are generally more rigid in the
transverse or short direction because of numerocus itransverse shear
elements, whereas the rigidity of multi-story structures 1s more
nearly equal in each directicn. The longitudinal direction of
single-story buildings is therefore more critiecal to the spectral
exposure of an earthquake of random origin."

The transverse axls was generally more rigid than the predominant
frequency of expected ground motion, and hence escaped the guasi-
resonance range by having a shorter period than the expected ground
metion. The longitudinal axis, although of greater depth or length,
had more glazing area in its walls, whereas the transverse axis had
evenly spaced so0lid cross walls between classrooms, and the pericd
of the longitudinal axis could be long enough to approximate that
of the ground motion, with consequent quasi-resonance.



6k

IV. CONFIGURATION INFLUENCES ON SEISMIC PERFORMANCE

This study cites two other configuration-related aspects of the
guasi-resonance problem {7) (8).

"Typical school buildings, unlike taller buildings with longer
natural periods of vibration, have improved seismic resistance

with greater rigidity as well as strength; conversely, under damage
from earthquake motion, thelr lengthening periods advance into the
more critical range of spectral exposure rather than the less
critical as is the case for buildings of longer initial period.”

"Long, narrow diaphragms tend to have periods that 'tune in' to
the most critical part of the earthquake spectrum. XNot only are
such elements subject to damage, hut their reactions affect
adjolining parts such as wall supports.”

F. Symmetry

Figure IV-18. Symmetry in plan.

The term symmetry denotes a geometrical property of building con-
figuration. A building is symmetrical about two axes in plan if
its geometry is identical on either side of whichever axis is

being considered. Such a bulilding would be perfectly symmetrical.
A uilding may be symmetrical about one axis only -~ such a building
will be geometrically identical about this axis, but of dissimilar
geometry about any other axis that may be drawn (Figure IV-18).
Structural symmetry means that the center of mass and center of
resistance are located at the same point,

SYMMETRICAL ABOUT Z OR MORE RXES.
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Symmetry about the elevational axis may occur, bubt it is of less
dynamic significance than plan symmetry. In fact, in purely

dynamic terms, a bullding cannot be perfectly symmetrical because

it is fixed where it is attached tc the ground and free at its other
end. Furthermore, one could argue that geometric symmetry about two
axes is no intrinsic advantage in the elevational plane and that
specific forms of single axis symmetry will be more beneficial
{Figure 1IV~19). Tor example, the pyramid has the intrinsie
advantage that its mass reduces continuously with height.
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SYMMETRICAL APOUT 2 ARXES IF CONSIDER
BUILDING ONLY. WHEN BUILOING ATTARCHED. T0
GROUND, TOP AND 80TTOM HALVES RRE NOT
TRUELY SYMMETRIL,

! SYMMETRICAL RBOUT | RAKIS, ALTHOUGH THIS
4 ¢ SHAPE HAES OTHER ADVANTAGES.
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Figure IV-19. Symmetry in elevation. % % }  SYMMETRICAL ARBOUT NO AXiS..

The single admonition that occurs in all codes and in textbooks
that discuss configuration is that symmetrical forms are preferred
to those that are non-symmetrical. The two basic reasons for this
can be derived from some of the issues discussed earlier. The
first is that asymmetry will, purely in geometrical terms, tend to
produce eccentricity between the center of mass and the center of
rigidity, and torsion will result. Torsiocn may result from other
non-geometrical causes {such as variations of weight distribution
in a symmetrical structure) but asymmetry will almost inevitably
lead Yo torsion.

The second reason is that asymmetry will tend to lead to stress
concentrations. The most obvious example of this is the concen-
tration of stress at the notch of a re-entrant corner (see Chapter
VI, Section B). However, a building with re-entrant corners is not
necessarily asymmetrical (a cruciform building mey be symmetrical),
but it is irregular, as defined, for example, in the SEACC commen-
tary discussed earlier. Thus we see that symmetry is not suf-
ficent on its own, and it is only when it is combined with sin-
plicity (in the specific way in which it is defined in Appendix 1
of this study as a 'convex' type configuration) that symmetrical

] form tends to eliminate stress conecentrations.

The plans shown (Figure IV-20) are both perfectly symmetrical about
2 axes; if the wings are very short, as on the left, the configu-
Figure 1V-20. Symmetry is not encugh - ration will approx1yate the excellent simple symmetrical shape ?f
good and bad forms, both of which are a square. If the wings are very long, the re-entrant corners will
symmetrical. introduce severe stress concentrations and torsion.

Nevertheless, with the above provisio, it is true that as the
building becomes more symmetrical, its tendency to suffer torsion
and stress concentration will reduce; and performance under seismie
loads will tend to become less difficult te analyze and more pre-—
dictable. This suggests that when safety is to be maintained with
economy of design and construction, then symmetrical shapes are
much to be preferred. But these tendencies must not be mistaken
for an axiom that the symmetrical building will nct suffer torsion.
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The effects of symmetricality refer not only to the overall build-
ing shape, but to details of its design and construction. Study of
building performance in past earthquakes indicates that performance
is sensitive to guite small variations in symmetry. This is par-
ticularly true in relation to shear wall design and where service
cores are designed as shear walls to act as major lateral resistant

Figure IV-21. False symmetry: Banco elements.
Central, Managua, Nicaragua.
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It is not uncommon for major elements, such as service cores, to bhe
arranged asymmetrically within an overall symmetrical configuration
(Figure IV-21). The term 'false symmetry' is used to identify this
condition and to emphasize that symmetry extends beyond the simple
geometry of exterior form into the internal arrangements of resist-
ing elements and non-structural components. This issue is Ais-
cussed further in Chapter V, Section B.

Conversely, it is possible for a building to appear to be asymmet-
rical, but its resistance systems to be designed in such a way

that dymamically the building acts in a symmetrical manner, and the
likelihood of significant torsion is minimized. In fact, this is
the correct design approach when faced with an asymmetrical con-
figuration that cannot be changed (Figure IV-22).

SEISMIC SEPRRATION

NON-STRUCTURAL JOINT
FLEXIBLE et
CLADPDING —— 14
B &
Figure IV-22. Apparently asymmetrical
configurations which are actually
symmetrical.
G_ Distribution Although the two plans shown {Figure IV-23) are both symmetrical,
- have no re-entrant corners, and are the same size, the design on
and Concentratlon the right - assuming equivalent materials, details, and construc~

tion quality - is intrinsically superior as a seismic design. It
has more columns and column-beam joints to share the load, the beam
spans are shorter, and the resisting elements are evenly distrib-
uted,

e L 1§
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Even under the controlled conditions of a testing laboratory, two
"identical" reipforced concrete columns will not feil at exactly
the same ultimate load. Under real conditions, many such vari-
ations can be expected; but in a building with well-distributed
Figure IV-23. Distribution of loads. resistance, the elements will equally share the loads. If there
are many elements rather than few, when one member begins to fail,
there will be many other members to provide the necessary resist-
ance. Hence configurations which concentrate earthquake forces in
ways that result in the build-up of successively greater forces
which are applied to a decreasing number of members, are obviously
at an inherent disadvantage.

Figure IV-24, The inverted pendulum.
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An extreme {though not uncommon) example is that of the single
column elevated water tank (Figure IV-24). This represents an
inverted pendulum, in which 100% of the lateral and vertical
resistance is concentrated in a single member. There is nc alter-
native load path. There may be reasons to occasionally design
water tanks this way, but sharing the load widely is always a valid
principle.

H. Structural Plan
Density

The size and density of structural elements in the bulldings of
former centuries is strikingly greater than in today's buildings.
Structural technclogy has allowed us, and programmatic, real
estate and aesthetic principles have motivated us, to continuously
push this trend to further limits.

Mthough in tall flexible buildings, which can vibrate signifi-
cantly in their higher modes {snake-like motions), causing maximum
forces to occur at places which are not intuitively obvious, earth-
quake forces are generally greatest at the ground level. The
bottom story is required to carry its own lateral load in addition
to the shear forces of all the stories above, which is analogous to
the downward build-up of vertical gravity loads. At this same
lower level, building programmatic and aesthetic criteria are often
imposed on the building that demand the removal of as much solid
material as possible.

Familiar examples include the hovering cantilevered box; the box
on stilts; the many-walled, cellular apartment house or hotel that
sits on an open, sparsely columned garage; inverted pyramids or
inverted setback shapes. These are all the copposite of the most
efficient seismic configuration, which would provide the greatest
intensity of vertical resistant elements at the base, where they
are mest needed. One can alse question the validity of 'aesthetic
criteria' that ignore good seismic design. To the engineer such
buildings are arbitrary and inherently "ugly" buildings designed
in ignorance.

An interesting statistical measure in this regard is the ground
level "structural plan density," defined as the total area of all
vertical structural elements - columns, walls, braces - divided by
the gross floor area. In a typical contemporary building, this
percentage is at its minimum value in designs that use a moment
resistant frame, even including the rectangular fireproofing out-
line of columns if steel is used.

For instance, a typical ten to twenty story, moment-resisting steel
or concrete frame building will touch the ground with its columns
over 1% or less of its plan area, and combination frame-shear wall
designs will typilcally reach structural plan densities at ground
level of only about 2%. Even for a multi-story office building
relying on shear walls alone, the ratio will probably only reach
about 3%. The densely filled-in "footprints" of buildings of pre-
vious eras present a striking contrast: the ground level struc-
tural plan density can go as high as 50% as in the case of the
Temple of Khons in Egypt or the Taj Mahal; the ratio for St.
Peter's is about 25%; for Santa Sophia, the Parthenon, and the
Pantheon 20%; and for Chartres 15%. The l6-story Monadnock Build-
ing, built just prior to the advent of the complete metal frame sky-
scraper and which used exterior bearing walls of brick six feet
thick at the ground level, has a ratio of 15% (Figure IV-25).
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Figure IV-25. Structural plan density.
Ground Level
Structural
Building, City, Date Plan Density
1. St. Peter's, Rome, 1506-1626 259
2. Temple of Khons, Karnak, 1198 B.C. 50
3. Parthenon, Athens, 447-432 B.C. 20
4, Santa Sophia, Istanbul, 532-537 20
5. Pantheon, Rome, 120-12L 20
6. Sears Building, Chicago, 197k 2
T. typical contemporary steel high rise, 1975 .2
8. Monadnock Building, Chicago, 1889-1891 15
9. Chartres Cathedral, Chartres, 1194-1260 15
10. Taj Mahal, Agra, 1630-1653 , 50
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Figure IV-26. Mission Dolores, left,
undamaged in 1906 Sen Francisco Cali-
fornia earthquake although constructed
in 1777. Newer church, right, was
severely damaged.

Figure IV-2T7. 1979 TImperial Valley Cali~
fornia earthquake caused no structural
damage to the old (192k} Imperial
Valley Court House, left, but near
collapse of the new (1969) Imperial
County Services Building, right.

Structural engineers experienced in seismic rehabilitation work are
often struck by the fact that many older buildings are almost
seismically safe (Figures IV-26, 27). The "almost" part can be
quite significant and guite costly, since for example, inadequate
connections may provide the first mode of failure in a particular
existing building and may be difficult to replace. But the chief
factor which gives these older buildings some degree of earthquake
resistance is usually their configuration, and the fact that they
bring a great deal of material down to the ground by regular and
direct routes. There is no reascon for forces to take destructive
short cuts since the Intended paths are already direet. Simple,
structurally logical configurations alsc often explain why build-
ings which "should" have collapsed in past earthquakes remained
standing.

Analogous to structural plan density is the measure of the extent
of walls in a structure. Surveys of damaged buildings in Japan and
Turkey have indicated a clear relationship between the length of
walls in a box system building and the amount of damage. This
relationship has been dezlt with in the seismic codes of these and
other nations.

After the 1976 Caldiran and 1977 Palu earthquakes in Turkey, the
damage to five brick shear wall buildings was assessed and compared
to two ratios: the percentage of external wall openings, and the
length of shear walls divided by the floor area. (This was done
separately for both axes). Construetion type was held approxi-
mately constant due to similar local practice. It was found that

(9):

"an external wall opening ratio more than L40% causes damage in the
walls. On the other hand, buildings with wall/floor ratios less
than 25 cm/m2 {about one inch per square foot) were also heavily
damaged.™

A survey of damaged reinforced concrete buildings in the 1968
Tokachi-oki earthquake in Japan revealed that (10):

"In framed structures having some seismic walls, the extent of
damage differed by their quantity of walls. TIn buildings which
had a fair amount of walls, for instance, about 5 cm/m2 ( Approxi-
mately .2in./sq.ft.)... arranged in good balance, the walls them-
selves showed many shear cracks but columns and girders of the
frames were kept safe with only slight cracks."

Toshio Shiga (11) refined this basic approach by calculating the
nominal average shear stresses in first floor columns and walls
that are deduced to have occurred in an earthquake.

To calculate the nominal average shear stresses, the building
welght above the ground is assumed to be the floor area times a
certain weight factor (1000 kg/m? = 200 psf), a base shear coef-
ficient is chogsen, and the plan ares of first story columns and
walls is summated. Undamaged reinforced concrete buildings were
found to have either a "wall-area index of more than 30 cm/m?

(1 in./sq.ft.) or (an) average shear stress of less than 12 kg/cm®
{170 psi)."
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Figure IV-28. Wall length/floor area
ratio quickly reveals different load/
capacity factors of two buildings which
both meet minimum cede requirements.

Figure IV-29. North Hall, University of
California, Santa Barbara. After
rehabilitation, building experienced
about 1.0g acceleration at roof level
in 1978 earthquake, with repairable
though structural damage. How would it
have performed without the added walls?

Comparison of the above examples show inconsistencies resulting
from differences in building construction type and configuration.
Such approaches, at present, must be regarded in the realm of
research, but they offer a potentially useful type of measure with
which to assess seismic configurstions.

The validity of using a simple wall length/floor area ratio depends
upon two genersal factors: the floor area must correlate well with
the building's mass and hence loading, and the wall length must be
an accurate indicator of the resistance provided by the bracing
system. Variations in the exact arrangement of walls {whether
symmetrical or not, etc.), material properties, counection and
other details, absolute dimensions, and diaphragm characteristics,
also may effeet performance, but the basie wall length/floor area
ratio seems to have a validity that, combined with its simplicity
and directness make it too useful to dismiss. Two buildings which
both meet the minimum requirements of a code may have different
load/capacity factors, and given comparable characteristics dis-
cussed above, the wall length/floor area ratio may quickly reveal
this fact, whereas merely ascertsining that both designs meet the
code will not bring out this difference. Such a ratio, if refined

for a variety of construction types, laycuts, seismic zones ete.,
also contains much promise as a useful design tool (Figures IV-28,
29).
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I.Corners

Figure 1V-30. Example of special
measures taken to reinforce intersection
of spandrels at corner, Muir Medical
Center, lLos Angeles, California.

The corners of a building have their own speclial seismic problems.
The re-entrant or inside corner {as in an L-shaped plan) will be
discussed later. Outside corners can also experience problems due
to orthogonal effects. Diagonally-criented ground motion may
stress the rest of the structure less, as discussed previously, but
it can stress corners more than motion along the prinecipal axes
(Figure IV-=-30).

Clarkson Pinkham, in a summary of lessons learned from the 1971
San Pernando earthguake, has pointed out that (12):

"Particular attention should he given to corner columns of Iframes,
with consideration given to simultaneous motions in both the verti-
cal and horizontal directions. Corner columns should be designed
conservatively."
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Figure IV-31. Differential motion pro-
duced damage at 'soft corner' of the
1200 L Apartment Building in the 1964
Anchorage Alaska earthquake.

It is alsc at the corners of a building that the deflection of a
wall in one plane must interact with an incompatible deflection of
a wall in & plane at a right angle, This may be accentuated by the
absence of solid wall at the corner, as shown by a damage exanmple
from the 1964 Alaska earthquake illustrated in Figure IV-31.

J. Perimeter
Resistance

Figure IV-32. Shear wall location for
resisting overturning and torsional
moments.

In Figure IV-32, although boih configuraticns are symmetrical and
contalin the same amount of shear wall, the precise location of the
walls is significantly different. The walls on the right form
greater level arms for resisting overturning and torsional moments.

T
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Blume, Newmark and Corning advocate strong (though not necessarily
shear walled) perimeters {(13).

"I{ is strongly recommended that torsional phenomens be given
gserious attention in design. It iIs also recommended that tall
puildings have symmetrical moment-resisting frames regardiess of
any walls, and that every building have as much lateral resistance
as feasible in its outermost periphery of structural support.
Modern curtain-wall buildings need particular attention to compen-
sate for the lack of periphery resistance inherent in predecessor
structures, the good behavior of which played a significant part
in the evolution of earthquake codes.”

In resisting torsion, with the center of twist of a symmetrical
building located exactly in the geometrical center, the further the
material is placed from the center, the greater the lever arm
through which it acts, and hence the greater the resisting moment
that can be generated. This implies that geometrically the most
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Figure IV-33. Placing resisting members
on the perimeter, whenever possible, is
desirable.

Figure IV-3h. For the same weight of
material, the wide flange is 1~1/2
times as stiff as the pipe, along the
¥-X axis. If loaded sideways however,
the pipe is 5 times stiffer than the
wide flange section, and many times
stronger in torsion,

efficient layout is circular {Figure IV-33), though many other
adequately efficient configurations are possible. Putting resisting
members on the perimeter whenever possidble is, however, always
desirable, whether the members are walls, frames, or braced frames,
and whether they have to resist direct lateral forces, torsion, or
both.

That a circular plan of egual resistant capacity in all directions
is theoretically ideal, is only an illustration of the uncertainty
inherent in seismic design. To assume that earthquake forces will
come from any direction is not also to say that every earthquake
will shake the ground equally in all directions.

If one could know that earthquake forces would be exerted along

one axls, then one could efficiently arrange material to resist
this loading. We do this in dealing with gravitational forces,
since their direction is gquite predictable; hence we use I-sections
for beams, in comparison to which ecircular beam sections would be
quite inefficient (Figure IV-34). In this sense, the circular

plan shape is a compromise solution rather than an ideal: it mini-
mizes the maximum negative event that could occur.

y
X X

y
TS 120D X .375 W12 X 50
Iy = 2791 l_x = 395 in’
ly-y = 279 ly-y = 56in?

K. Redundancy

Figure IV-35. Damaged geodesic airplane
structure.

Non-structural members which are forced to play a structural role
should not be confused with the idea of redundancy. Redundant
members are structural elements that under normal design conditions
do not perform a structural function or are understressed relative
to their strength, but which are capable of resisting lateral forees
if called upcn. They provide a useful means of obtaining an ad-
diticnal safety factor where there may be analytical uncertainties
in design.

William Zuk (14) has singled cut the existence of redundancies as
the primary characteristic of fail-safe design. He cites many
examples. Spider webs do not collapse even when half their strands
are broken. Airplanes with gaping holes in their structures have
still managed to fly. One of the most successful of such airplane
structures was the gecdesic structure designed by Barnes Wellis in
England, originally for ailrships in the 1930's. This structure,
analogous to that devised by Buckminster Fuller for geodesic domes,
provided many alternative paths for stress relief in the event of
damage, and contributed greatly toc the success of Britain's
Wellington pomber in Werld War II (Figure IV-35).
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Figure IV~36. Ronan Point, Lendon,
England, 1968.

One might argue that the provision of redundancy represents a
violation of the concepts of engineering economy and elegance,
since it implies that some material will usually be idle or under-
stressed. However, the concept recognizes the need to design for
the uncalculated disaster as well as everyday service conditions.

A catastrophic example of the absence of redundaney was the pro-
gressive collapse of one corner of the Ronan Point apariment
building in London in 1968. After a gas explosicn knocked ocut one
pre-cast panel on the eighteenth floor, destroying one corner of
the building at this level, every corner in the four stories above
collapsed because thelr loads had no alternate path to follow, and
the impact of this collapse then progressively destroyed the corner
area of each of the seventeen stories beneath (Figure IV-36).
Similar seismic problems can arise with non-redundant, large panel
structures.

Redundancy in earthquake design is significant in several aspects.
The detailing of connections is often cited as a key factor, since
the more integrated and interconnected a structure is, the more
load redistribution possibilities there are. Configuration is alsoc
involved, since the number and location of resisting elements
originates in the architectural design and establishes a potential
for redistributicon which can be made effective by proper structural
detailing.
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A. Variations in
Perimeter Strength
and Stiffness

Figure V-1l. Unbalanced horizontal
resistance.

Preceding page blank

N R
This chapter deals with buildings whose configuration is geomet-
rically simple, but nonetheless irregular for seismic design
purposes. (See Appendix 1 for geometric definitions of "simple".)

A building's seismic behavior is strongly influenced by the nature
of the perimeter design. If there is wide variation in strength
and stiffness around the perimeter, the center of mass will not
coincide with the center of resistance, and torsional forces will
tend to cause the building to rotate around the center of resist-
ance. This effect is illustrated in Figure V-1.

LINE wALIS
XPOSURE WALLS

CENTER OF
HORIZONTAL MASS

CENTER OF ROTATION'

GROUND MOTION

<~ —>
GROUND MOTION GROUND MOTION
HORIZONTAL IMBALANCE = TORSION

RESISTANCE (R) &£ INERTIAL FORCE (F) ACT ECCENTRICALLY, RATHER
THAN MEET “HEAD-ON

This condition causes much building damage and collapse. Henry
Degenkolb has discussed a form of this problem in a way that clearly
emphasizes its effect {1).

"The effect of torsion can probably be best illustrated by one of
the most common building constructions in the United States if not
the world. The side walls are on property lines, the rear wall is
either on a property line or faces an alley. The rear wall has
minimum openings, if any, but the front wall with its display win-
dows on the street is essentially open. When shaken by an earth-
quake, the rear and side walls are quite rigid but the front wall
is very flexible, and the roof tends to twist. There have been
some studies indicating that any columns in the front wall will be
highly stressed in torsional shear in addition to the normal
deflection loads and shears.
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Figure V-2, Torsional deflection of
building with 'soft front wall',

Figure V-3. Torsional deflection of
diaphragm perforning as lateral canti-
lever., Columns at free end presumed

to have only minimal lateral stiffness.

Flexible diaphragms, such as wood-
sheathed roofs, are generally presumed
incapable of carrying a torsional
monent, but this does not apply in the
cantilever case. -
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"Figure V-2 shows the plans of three similar buildings, each with
three shear walls so arranged that there is an open end and there-
fore major torsious on the buildings. If the buildings are similar,
with uniform shear elements (uniform distribution of stiffness) and
considering only shear deformations, 1t can rather simply be proved
that the torsional deflection of the open end varies as the sguare
of the length of the building. It is probable, but not proven,
that buildings with a ratio of L/D equal to or about 1/2 or less
should have 1ittle trouble due to torsion in an earthquake, since
the total deflecticns including torsion will be about the same as
the symmetrical loading of the earthquake in the perpendicular
direction. With ratiocs of L/D above 1/2, the torsional deflections
increase rapidly and damage will surely occur at the open end,
unless specific precautions are taken."

Figure V-3 shows the increase in deflection caused by an increase
in the span of a lateral cantilever.

¥ ZX 3X
L e 3 B e

7] )

AR Wy vl VR N AN

-{_

e

.
SN

R

A - ‘
MAK = BEI DEFLECTION VARIES A5 THE 4% POWER OF THE SPAN

A elassic ingtance of this kind of effect is that of the J.C.
Penney building in Anchorage, in the 1964 Alaska earthquake. The
building was so badly damaged hy torsional foreces that it had to

be demolished (Figures V=%, 5, 6). The store was a five story
building of reinforced concrete construction. The exterior wall
was a combination of poured in place concrete, concrete block, and
precast concrete non-struetural panels which were heavy, but unable
to take large siresses. Steinbrugge, Manning and Degenkolb discuss
the source of this torsion (2):

"Porsional forces were not s significant factor in the first story,
since shear walls were found along all street fronts. The upper
stories, however, had a struecturally open north wall, and large
torsiocnal forces would arise from the U-shaped shear wall bracing
system when subjected to east-west lateral forces.”
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Figure V-5, Failure of heavy precast
concrete non-structural panels which
formed part of the exterior wall, at
J.C. Penney building.

Figure V-6. Severely dameged north-
east corner of the J.(, Penney building.
Note undamaged curtain wall office
building in foreground.
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The Penney store is somewhat similar in configuration to Broek's
Department Store, which suffered severe damage in the 1952 Kern
County, California earthqguake for similar reasons. Figures V-T and
8 clearly show the mein irregularity, which was created in response
to the location and context of the lot on which it was built.

Figure V-7. Aerial view of Brock's
Department Store, 1952 Kern County
California earthquake.

Figure V-8. Brock's Department Store
from the southwest,

The building fronted on“3Vstreets, and hence these were composed of
frames infilled with windows. The fourth side was adjacent to a
building next deoor and this wall was made a solid shear wall
(Figure V-9). The inequity of stiffness in plan caused torsional
damage. An analysis by Steinbrugge and Moran goes into more

N -‘, . - . 11" - - -
Piguré V-0. The four slevabions of detail (3): "Calculations indicate that the south wall of the

Brock's Department Store, shoying second story contained perhaps 807 to $0% of the east-west rigidity
;variations in wall perforations. in that story."
WEST NORTH EAST

Figure V-10 shows a bullding in which torsion resulting from perim-
eter variation contributed to total ground floor collapse.

Open front design is common in buildings such as fire stations and
motor maintenance shops, in which it is necessary to provide large
doors for the movement of vehicles. In fire stations, it is partic-
ularly important to avoid distortion of the front frame, for if the
doors cannot bhe raised, the fire station is out of action at a time
when its equipment may be urgently needed. The fire station in
Sendai, Japan, shown in Figure V-12, jillustrates a good solution

to this problem.

The object of any solution to this problem, is to reduce the
possibility of torsion. Four alternative strategies can be
employed.

The first strategy i1s to design a frame strueture with approximately
s : equal strength and stiffness for the entire perimeter. Opagque
Figure V=10, An example from the 1976 portions of the perimeter can be constructed of non-structural

Mindanao Philippines earthquake of a laddi . . . .
in o that it do n f -
building loeated on a corner lot. The cladding, designed s a es not affect the seismic perform

New Society Hotel had two sides of rigia 2nce Of the frame (Figure V-11}. This can be done cither by using
shear walls and two framed sides of lightweight cladding, as in Figure V-12, or by ensuring that heavy
greater flexivbility. The amount of materials -~ such as concrete or masonry - are isolated from the

torsional movement accompanying ground frame, as in Figure V-13
story collapse is readily apparent. ? -
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Figure V-11. Solution #1: Frame struc-—
ture with entire perimeter of approxi-
mately equal strength and stiffness,
Solid walls should be of non~structural
cladding.

Figure V-1i. Solution #2: Shear walls
are added at or near the open face.

Figure V-15. Model of & house where
buttresses have been added to compen-
sate for large openings required by
garage entrance.

01020 40N

| ]
Tigure V~12. Fire station in Sendai, Pigure V-13. KB Valley Center, Los
Japan, The opaque side walls are con- Angeles, California. The rigid shear
structed as lightly clad braced frames, wall is separated from the three flex-
creating an overall framed structural ible walls, braced by frames, by a
system. The lighter frame structure separation joint which permits inde-
reduces forces: the frame as & whole pendent movement.

must be designed to keep drift down to
acceptable limits.

A second approach is %o increase the stiffness of the open facades
by adding shear walls at or near the open face {Figure V-14). This
solution is, of course, dependent on a design which permits this
addition. An example of this approach is shown in Figure V-15.

A third solution is to use a very strong moment resisting or braced
frame at the open front, which approaches the so0lid walls in
stiffness {Figure V-16). The ability to do this will be dependent
on the size of the facades: a long steel frame can never approach
a long concrete wall in stiffness. This is, however, g good solu—
tion for wood frame structures, such as apartment houses with a
ground floor garage area, because even a long steel frame can he
made as stiff as plywood shear walls (Figure V-1T).
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Figure V-16. Soluticn #3: Strong and
stiff moment resisting or braced frame
is designed for soft front wall.

Figure V-17. Steel frame for garage
openings allows Tront elevation to more
closely approximate stiffness of ply-
wood shear walls.

Figure V-18. Solution #4: Torsion is
accepted, and building is designed to
resist the forces and minimize the
distortions Y‘hey cause.

Figure V-19. A stiff structure desizned
to respond as a unit; undamaged in the
1678 Sendai Japan earthquake.

Finally, the possibility of torsion may be accepted and the
structure designed to resist it (Figure V-18). This solution will
only apply to relatively small structures with stiff diaphragms,
which can be designed to act as a unit, as shown in Figure V-19.
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B. Core Location,
False Symmetry

Figure V-20. Plan of Banco Central,
Managua, Nicaragua. Overall building
shape is symmetric, dbut placement of
cores is not.

Internal shear walls generally conflict with the use flexibility or
cpenness regulrements; exterior shear walls may or may not fit in
with other requirements which the building perimeter must perform,
and only a relatively small amount of window penetrations are
possible before the "shear wall™ has been reduced to a frame,
Bence, the most common location for shear walls in multi-story
vuildings is often the core.

However, the location and detailed design of this massive and stiff
element then become extremely important in determining the seismic
performance of the bullding. In particular, the location of the
core in relation to the overall symmetry of the huilding is eritiecal
because asymmetrical core locations will tend to greatly increase
the probability of torsion. Thus, in assessing the symmetry of a
building configuration, we must look at more than the overall shape
of the building, and should alsc investigate the location of all
significant resisting elements.

We use the term 'false symmetry' to Identify buildings which super-
ficially appear to be simple, regular, and symmetrical in configu-
ration but which, because of the arrangement of their resisting
elements, are structurally asymmetrical. Two examples illustrate
the major issues and their effects.

The Banco Central in Managua, Nicaragua, is a fifteen story, rein-
forced concrete building constructed in 1962 (Figure V-20). The
building is a simple rectangular form, and relies on flexible frame
action to resist lateral forces. However, in the east-west direc-
tion the elevator core walls, located at one end of the building are
stiff enough to resist approximately 35% of the lateral forces.

ri fFtrttrrr+t1i1rr1irtr ot
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In the Managua earthquake of 1972, the building suffered significant
damage, both structural and non-structural. The most serious
structural damage was the cracking of the floor slab near the ele-
vator cores and stairs. The predominant motion was in the east-
west direction; the concrete core walls were stiffer than the frames
and consequently the floors 'tore' at these points. Cracks up to
1/2 inch in width were found in almost zll floors. In addition,
this building suffered extreme non-structural damage due to the
heavy shaking of the relatively flexible frame, chaking increasged

by imbalance caused by the off-center location of the core. Since
the major direction of the ground shaking was east-west, the build-~
ing fortuitously avoided major torsional effects due to the off-
center location of the stiff resisting core.
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Figure V=-21. Plan and section, the Four
Seasons Apartment Building, Anchorage,
Alaska.

Figure V-22. Collapse of Four Seasons
Apartment Building, 1964 Anchorage
Alaska earthquake.

Tigure V-23. Disparity between stiffness
of ostensibly similar cores. The shear
capacities are equal, but the yiela
moment of the north core is 1/4 greater.
Four Seasons Apariment Building.

The Four Seasons apartment building in Ancherage, Alaska, was a
six-story lift slab reinforced concrete structure of simple, rec-
tangular configuration with two symmetrically placed concrete
cores; one for an elevator and one for a stair case. The southern
core was partially disconnected from the diaphragm because of an
open well at each floor (Figure V-21, plan).
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In the 1964 Alaska earthguake the building, which was nearing com-
pletion and was unoccupied, collapsed totally. An eye witness
reported (4):

"The btuilding collapsed just before the end of the gquake, after
shaking violently for perhaps 2 to 3 minutes. Just before it fell,
it seemed to start crumbling near the second-floor level in the

area of its north-east corner. Then with a slight tilt northward

it collapsed vertically in a great cloud of dust. The steel support
columns fell to the north also, and the slab floors were stacked

one on ancther like pancakes." (Figure V-22).

Although the precise causes of collapse are subject to various
interpretations, from a configuration standpeoint the building met
its trial by earthquake with three weaknesses.

1. The two shafts were not tied together wvia the hasement or
foundation (Figure V-21, section).

2. Though the twe shafts are ostensibly about the same, the walls
of the north shaft produced a significantly stiffer section,
and thus false symmetry, and its bending capacity was 1/4 more
than the south shaft (Figure v-23).

3. The atrium hele in the floors, located between the cores,
reduced the contact area of Tloor and core.

NORTH CORE SO0UTH CORE



V. BIGNIFICANT IRREGULARITIES IN SIMPLE CONFIGURATIONS

87

A
===
EI.‘.‘.‘.‘.‘.’.‘.’_’_’IZ_ZZZZIZ.‘J:ZIiiiZZ'1‘_’_‘_‘_'_'212'_‘_'_'_‘_“

B
___________ =

20

80

LTt 1 feet

0 40

160

Figure V-24. Norton Building, Seattle,

Washington,

It is clear then, that balancing of elements of resistance both in
general location relative tc the struecture as a whole, and in their
detalled design, from one floor to another or bebween separate re-
sistant elements, is of great importance. If the core or coreg can
be centrally or peripherally located in a symmetrical building,
this will reduce the possibility of torsion and decrease the poten-
tial for shaking for those parts of the structure farthest away
from the core. If, for planning purposes, the core cannot be
symmetrically located, some balancing resistance elements must be
added - which may Dbe difficult to do recognizing the omni-direc-
tional nature of possible shaking.

Alternatively, the core should not be used as the sole resistant
element: either the building should rely on rigid frame action or
alternative locations for shear walls, preferably on the perimetfer,
should be found. It is useful to remember that in respect of its
own function - elevators, stalrs, duct shafis etc - the core is a
set of holes in the diaphragm, and it is a matter of the designer's
choice as to whether it is a major resistant element or not.

Complete geometric symmetry is not required to ensure sufficient
dynamic symmetry. Figure V-24 shows a design for an office build-
ing that at first glance appears to be a major case of false
symmetry, with a large offset core {A). However, close inspection
shows that the Ilongitudinal resisting elements are symmetrically
arranged about the building's center and will resist longitudinal
forces without creating torsion (B). The transverse shear walls
are similariy balanced for transverse forces (().
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Figure VI-1l. Re-entrant corners in
combination configurations.

The re—entrant corner is the common characteristic of overall
building configuration that, in plan, assumes the shape of an L, T,
U, H, + or a combination of these shapes (Figure VI-1). These are
complex configurations, as defined in Appendix 1, Figure 1.

This is a most useful set of building shapes, which enable large
plan areas to be accommodated in relatively compact form, while
still providing a high percentage of perimeter rooms with access to
air and light. The advent of air-conditioning reduced somewhat the
necessity for perimeter access, and produced the characteristic
deep plan form of the mid-twentieth century. Current interest in
daylighting and natural ventilation may result in a return to
narrow buildings and the traditional set of re-cntrant corner con-
figurations, The courtyard form, most appropriate for hotels in
tight urban sites, has always remained useful: in its most modern
energy conserving form, the courtyard becomes a glass-covered
atrium, but the structural form is the same.

D

Cams)

B. Problems

Figure VI-2. Forces on an L-shaped
building.

Preceding page blank

These configurations are s¢o common and familiar that the fact that
they represent one of the most difficult problem areas in selgmic
design may seem surprising.

There are two problems created by these shapes. The firgt is that
they tend to produce variations of rigidity and hence differentisl
motions between different portions of the building, resulting in a
local stress concentration at the re-entrant corner.

mcgg;j/ 7

GROUND MOTION

Consider the L-shaped building shown in Figure VI-2, If ground
motion occurs with a north-south emphasis, the wing oriented north-
south will, purely for geometrical reasons, probably tend to be
stiffer than the wing which is located east-west. The north-south
wing, if it were a separate building, would tend to deflect less
than the east~west wing, but the two wings are tied together and
attempt to move differently at their junction, tearing and pushing
each other (Figure VI-3). This condition is similar to the notch
effect discussed in Chapter VII, Section B. Remember also, that
the forces will be dynamic; there will bhe to- and- fro motion
causing further damage. For ground motion along the other axis,
the wings reverse roles but the differential motion problem remains,
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Figure VI-3. Because of their differing
orientations, the two wings of an L~
shaped building will attempt %o move
differently when subjected to ground
motion, causing damage at their
Junction. If the wings were separate
buildings, they could each move inde-
pendently,
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The second problem of this form is torsion, or twisting. This is
caused because the center of mass and the center of rigidity in this
form cannot geometrically coincide for all possible earthquake
directions. The result is rotation which wilil tend to distort the
form in ways that will vary in nature and magnitude depending on

the nature and direction of the ground motion, and result in forces
that are very difficult to analyze and predict.

The stress concentration at the noteh and the torsional effecté are
interrelated. The magnitude of the forces and the seriousness of
the problems will be dependent on:

. the mass of the building
the structural systems
. the length of the wings and their aspect ratios
. the height of the wings and their height/depth ratios

In addition, it is common for wings of a re-entrant corner building
to be of different height, so that the vertical discontinuity of a
setback in elevation is combined with the horizontal discontinuity
of the re-entrant corner in plan, resulting in an even more serious
problem,

C. Damage Examples

Examples of damage to re-entrant corner type buildings are common,
and this problem was cone of the first to be identified by observers.
It had been identified before the turn of the century, and by the
20t's was generally acknowledged by experts of the day. Naito and
Sano (1) attributed significant damage in the 1923 Tokyo earthquake
to this factor.

Ray Clough has analyzéd and explained the severe damage to an T-
shaped school in the 1960 Chile earthguake (2).

"Characteristically, the structures which were damaged were gen-
erally of the L shape or at least had many wings, appendages, etec.
The nice, rectangular, simply planned shapes behaved very well. In

"this particular building, the damage that we ohserved was associ-

ated with the interconnection between the two wings. Figure VI-L
shows the kind of damage we observed. This is the right side of
that wing which projected toward us is in Figure VI-5. Directly
opposite this wall are the floor systems of the other wing. What
we observe here is the tendency for the floor slabs to push out as
the two wings rotate relative to each other, buckling and breaking
off the columns of the wing we are looking at... The bresking was
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largely due to the changing of the right angle which was built into
this L-shaped structure, the floor systems pushing out the wall.
This is not a deficiency in design in the sense that changing the
seismic coefficient in the code would have improved the situation.
It is the kind of thing that designers have to watch out for in the
basic structural plan.”

Figure VI-l4, Damage to Seminaric at
Puerto Montt, 1960 Chile earthquake.

Figure VI-5. L-shaped Seminario at
Puerto Montt.

The damage to the West Anchorage High School (Figures VI-6-9) in
the 1964 Alaska earthquake is typical, and since complete collapse
did not occur, the sequence of events can reasonably be recon~-
structed, as was done by engineer John Meehan (3).

Figure VI-6, Plan of West Anchorage
High School, Alaska.

"One cannot be certain of the sequence or path of distress; how-
ever, it is believed that the initial damage occurred in the roof
diaphragm at the vertex of the angle formed by the two portions of
the classrocm wing due to torsional moment developed in this dia-
ghragm (Figure VI-T). It is also believed that, after the roof
diaphragm separated at this point, each portion of the classroom
wing essentially formed individual buildings, thus necessitating a
redistributicn of load in the shear walls. The shear walls, such
as those shown in Figure VI-8, were not capable of resisting this
redistribution of load and were apparently damaged next. The ex-
terior second-floor columns were then unable to resist the total
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Figure VI-7. Damage to roof diaphragm
near junction of two wings, West
Anchorage High School, 196k Alaska
earthquake,

Figure VI-8. Damage to shear walls at
interseetion of the building wings.
Note weakening of these highly stressed
walls by insertion ¢of windows. West
Anchorage High School.

Figure VI-9. Second floor columns
damaged after shear wall failed. West
Anchorage High School.

Figure VI-10. Collapse of re-entrant
corner of the L-shaped San Marcos
Building, 192% Santa Barbara California
earthquake.

load alone, and damage developed 1n these -~ such as that shown in
Figure VI-9. At this point, the earthquake action stopped. No

t

damage was observed to the more flexible center corridor columns.'

An eye witness report of the earthquake effects on this Huilding
adds further graphic credence (k).

"I had just entered my automobile when the earthquake started. As
it started, I was looking at the school and kept thinking to myself,
Well now, this earthquake has gone on long enocugh, now is the time
for it to stop. However, it continued and grew in intensity.
FPinally, after I had watched the schocl for some time, all of the
glass in the second story seemed to explode and shattered all at
once. Then waves appeared from the two extremes of the V-shaped
classroom section and seemed to work toward the center and back
again. This continued for some time. Then the roof slab seemed to
sigh and rise slightly, and then when it settled all of the second
story columns broke."

The concentration of siresses at the notch of a re-entrant corner
is graphically illustrated by the San Marcos building in the Santa
Barbara earthguake of 1925. The corner of this four story rein-
forced concrete frame building collapsed when differential shaking
of the two wings of this L-shaped bulilding caused them to hammer
one another at the notch area (Figure VI-10).
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Figure VI-11. The "misleading analogy"
of an H-column and an H-shaped
building.

MATERIAL ToO FAR
FROM STEM TC ACT LIKE

22" FLANGE
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PROPORTIONAL  LIMITS  ARE

TYPICALLY USED TO DEFINE
EFFECTIVE FLANGE WIDTH IN
T-BEAM ANALYSIS

Figure VI-12. Proportional limits for
flange/web interaction in a T-beanm.

Figure VI-13. OSchematic plans of
existing L-shaped buildings illus-
trating recurring patterns of the
location of vertical cireulation
elements.

The corner and the wing at left were built at a different time than
the wing on the right. Poor materials and reinforcing details have
also been cited as contribuiing factors. Bailey Willis and Henry
Dewell noted at the time that (5), "The failure was presumably
determined by the shape of the ground plan and by its position re-
lative to the earthqueke shock."

The re-entrant corner plan well illustrates the dangers of trans-
ferring structural behavior from one scale to another. There is

no comparison between a solid steel H that is only about one foot
square, and a building with wings one hundred or more feet long
connected by occasional floor slabs. The latter will not behave
homogeneously, and the forces will be transferred through dozens

of columns, beams, slabs, and connections, all varying in their
strength and stiffness and transferring forces one to the other with
varying eccentricity and direction.

Thus it is a totally misleading analogy to suggest that if the
flanges of an H-column are the key to its lateral strength and
stiffness, then the wings of an H-shaped building must similarly
perform like flanges (Figure VI-11).

(ne need only move up one small step in size from the steel H or I-
section to begin to face limits for this sort of flange/web inter-
action. When a reinforced concrete slab is monolithic with or
rigidly connected to its concrete beams, a T-beam results. The
slab acts as the top flange, efficiently resisting compressive
forces in regions of positive moment, and steel reinforcement at
the bottom of the beam handles the tension. However, if bheams are
spaced twenty feet apart, can one assume that twenty-foot-wide
flanges are created? This is not the case, because the concrete
which is too far from the web fails to interact (Figure VI-12).

The example of the West Anchorage School illustrates that the dia-
phragm in the region of the notch will sustain the greatest forces
and hence strength at that point is erucial. However, it will be
found that this is also the most useful area in which to provide
vertical circulation - stairs or elevators - in a multi-story
building, for the hinge point forms a natural circulation place.
Both stairs and elevators result in a hole in the diaphragm at the
least desirable point {Figure VI-13).
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D. Solutions

SEPARATE THE BUILDING

TIE THE WINGS
TOGETHER

Figure VI-1k, Two basic solutions to
the re-entrant corner problem.

Figure VI-15. General view of the L-
shaped Sunnyheights apartment building.

Figure VI-16. Plan of Sunnyheights
aparitment building, showing location
of selsmic Joint.

Figure VI-17. Damage at seismic joint,
Sunnyheights apartments, following 1978
Sendai Japan earthquake. Earthquake
forces were predominantly in the North-
South direction.

There are two basic alternative approaches to the problem of the
re-entrant corner forms: structurally to separate the building into
simpler shapes, or to tie the bullding together more strongly
(Figure VI-14)}. Once the decision is made to use separation Joints,
they must be designed and constructed correctly to achieve the
original intent. Structurally separated entities of a building

must be fully capable of resisting vertical and lateral forces on
their own, and their individual configurations must be balanced
horizontally and vertically. This problem is demonstrated by the
fact that three of the four stairtowers of the Olive View Hospital,
separated from the main building, completely overturned in the 1971
San Fernando earthquake as discussed in more detail later in Chapter
VITI, Section D. The other concern is that the amount of separation
be made adequate so that pounding does not result. This is also
illustrated by one of the Olive View Hospital stalr towers, in which
the & inch gap between it and the main building proved insufficlent
to prevent pcunding damage.

The pitfalls of inadequate design for these two alternative
approaches were succinetly illustrated in Japan's 1968 Tokachi-oki
earthguake, in which Noheji Middle School and Misaws Commerce High
School damaged themselves when Inadequately separated portions
pounded together, and Gonohe Primary Schoecl, an unseparated H-plan
building, suffered severe cracks in the slab connecting the two
wings as it was not capable of responding as a unit.

The Sunnyheights building is a recent example from Japan of a large
I~shaped apartment house (Figure VI-15) which was divided by seismic
joints into two rectangular structures (Figure VI-16) whose behavior
followed a text book pattern in relation to the particular earth-
quake forces encountered. In this building, the earthquake forces
were severe enough to create architectural damage through pounding,
but the seismic joints acted to prevent structural damage {Figure

yi-17).

M/ SEISMIC SEPARATION
JOINT

N

- 0 10 20 401t
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COLUMNS OR WALLS

CANTILEVER

‘“cAanG PLANK”

Figure VI-18. Separation joint concepts.

Figure VI-19. The Health Sciences
Building, at the U.C. San Francisco
Medical Center, shows how a complex plan
is divided into independent units.

Figure VI-20. Seismic joint between
laboratory and mechanical shaft, of the
16-story tower, U.C. San Francisco
Medical Center, exterior view.

Figure VI-21. Interior view of seismic
joint, U.C. San Francisco Medical
Center.

Figure VI-22. Large seismic joint pre-

vented damage to huilding at left, when
commerciasl building at right collapsed

during 1978 Sendai Japan earthquake.

To design a separation joint, the maximum drift of the two units
must be calculated by the structural consultant. The worst case

is when the two individual structures would lean toward each other
simultaneously, and hence the dimension of the separation space must
allow for the sum of the building deflections.

Joints can
structural

be designed in warious ways but must accomplish complete
separation of floors and walls (Pigure VI-18). Non-
structural components such as partitions, ceilings, pipes, and
ducts must also be detailed to allow for this movement, unless
certain components can be safely and economically sacrificed. (A
crushibhle sheet metal section of well-anchored curtain wall might
fit the sacrificial criteria, but an ordinary glazed portion of the
curtain wall would not.) Seismic separation Joints are similar in
construction to thermal expansion joints, but are typically larger
and must be capable of working smoothly while being horizontally
and vertically vibrated. Structures have been damaged by pounding
at Joints which were intended to function only as thermal joints,
but which were forced to behave as inadequately dimensioned seismie
joints as well, Figures VI-19 through 22 show examples of buildings
containing seismic joints.
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Figure VI-23. Tieing the building
together.

BEAM
8TRUTS

Figure VI-2h, Early solution for U-plan
weakness in resisting wind, Park Row
Building, New York.

Figure VI-25. Balancing the disparity
in stiffness between the two wings.

Figure VI-26, The splayed re-entrant
corner.,

COLLECTORS ‘coLLECTOR wALLS"

Several considerations arise if it is decided to dispense with the
separation Jjoint and tie the building together. As discussed
earlier in Chapter III, Section H, collectors at the intersection
can transfer forces across the intersection area, but only if the
design allows for these beam-like members to extend straight across
without interruption. FEven better than collectors are walls in this
same location {Figure VI-23).

Since the portion of the wing whiech typically distorts the most is
the free end, it is desirable to place stiffening elements at that
location {(Figure VI-2h4),

Figure VI-25 illustrates the stiffness disparity between the two
wings for forces which can occur along either axis, a disparity
which can theoretically be balanced by increasing the stiffness of
the end bays as shown. {There would still be more likelihood of
differential motion than in the simple rectangular configuration.)
Only the frames along one axis are shown. Compare this with Figure
Vi-2 for an intuitive feeling of how this approach mitigates the
problem of unbalanced stiffness.

TWO I-BRY FRAMES N
(NOT RS STIFE) SL’E’ggy
(BoTH RXES)

[————
TWO 3-BRY FRAMES (STIFFER)

The use of splayed rather than right angle re-—entrant corners
lessens the notch effect problem {Figure VI-26), which is analogous
to the way a rounded hole in a steel plate creates less stress
concentration problems than a rectangular hole, or the way a
tapered beam is more desirable than an abruptly notched one.
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Pigure VI-27. Relieving stress by design

subterfuge.

Figure VI-27 illustrates a design subterfuge which combines a slight
compromise of form {splayed corners) with innovative framing to
turn a highly irregular plan form, the cruciform, into a simple
square with small triangular projections.
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A. Definition

PUARRNANAANS

Figure VII-1. Characteristic setback
configurations.

Figure VII-2. Neither the Empire State
Building's nor the Lever Building's
form was completely determined by set-
Yack zoning: Dboth buildings leave some
of their zoning-ailotted volume un-
£illed, due to market or image reasons.

Figure VII-3. Use of setback form to
reduce shading of adjacent building.

Preceding page blank

Setback configurations are a common vertical irregularity in
bullding geometry, and consist of one or more abrupt reductions of
floor size within the building height. For our purposes, setback
configurations are defined as complex elevations; some character-
istiec types and properties for rectangular plans are defined in
Appendix 1, Figure 12, and shown in Figure VII-1. OSetbacks may
also apply to complex plans, as shown in Appendix 1, Figure 15.
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Setbacks may vary greatly as to their proportion between tower and
base in height and plan, the symmetricality of the base and tower
portions of the building, and the types of construction used for
each portion. .

Setbacks may be introduced for several reasons: the three most
common are; zoning requirements which require upper floors to be
set back to preserve light and air to adjolining sites, program
regquirements which require smaller floors at higher levels, and
stylistie requirements relating to the form of the building. In
fact, zoning requirements seldom were responsible for complete
setback determination as stylistic massing requirements always
tended to play a significant role (Figure VII-2).

Setbacks relating to zoning were common a few decades ago when day-
lighting requirements were of major concern, and resulted in the
characteristic shapes of high buildings in New York City. Pres~
sures, primarily of a stylistic nature, replaced these forms by
those of simple rectangular solids, made possible by advances in
artificisl lighting and air conditioning. Now, the requirements of
energy conservation, reflected in a new concern for daylighting,
appear tc herald a renewed interest in setback shapes, a concern
which is in tune with a stylistic reversion away from the rec-
tangular solid {Figure VIT-3),
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Figure VII-b4. The inverted setback.

Figure VII-5. The inverted setback:

Dallas City Hall.

A new type of setbhack configuration is that of the building that
grows larger with height: this configuration type is termed
'inverted setback'. Its geometrical definition is the same as that
of the setback, but because of the problems of overturning its
extremes of shape are less. Nevertheless, some surprising, un-
constrained demonstrations of this shape have been designed and
built (Figure VII-4), and it sppears to be a shape whose image has
a powerful design appeal (Figure VII-5),
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B. Problems

TAPERED BEAM

Figure VII-6. Setbacks: the transition
from a tapered to a notched beam
analogy.

Figure VII-T. Setbacks which ceontain
shear walls may create severe problems
in transferring forces to the
foundation.

The problem of the setback shape lies in the more general problem
of discontinuity: +{the abrupt change of strength and stiffuness.
In the case of this complex configuration, it is most liable to
occur at the point of setback, or fnotch'.

The seriousness of the setback effect depends on the relative pro-
portions and absclute size of the separate parts of the building,
In addition, the symmetry or asymmetry, in plan, of the tower and
base affect the nature of the forces. If the tower, or base, or
both are dynamicelly asymmetrical, then torsion forces will be
introduced into the structure, resulting in great complexity of
analysis and behavior.

The notch problem can also be visualized gs s vertiecal re-entrant
corner, Stresses must go around a corner because & ‘notch'! has
been cut out preventing a more direct route. Thus, the smaller
the steps or notches in a setback or inverted setback, the smaller
the problem. A smooth taper avoids the notch problem altogether.
A tapering beam will not experience stress concentrations, whereas
a notched beam will (Figure VIT-6). A continnally sloping setback
or inverted setback (if the framing as well as the skin is actually
continuous), completely avoids the problem of abrupt changes in
stiffness {although it still may not behave according te code
assumptions, and so must be specially analyzed).

——
TAPERED BEAM WITH SUPER- NOTCHED BEAM: ABRUPT
FICIAL NOTCHES CHANGES IN STIFFNESS

Setbacks with shear walls in the tower portion can introduce other
difficulties (Figure VIT-7). Besides the possibility of an abrupt
change of stiffness where the shear wall enters the base structure,
the shear wall will transmit large forces to the top diaphragm of
the base. Overturning moments (which are difficult to transfer
horizontally) as well as shears must find alternate routes if shear
walls are not continuous. As with other combinations of configu-
ration problems, a setback with a discontinuous shear wall creates
a situation analogous to a squaring function: the two anomalies
interact and form a much greater and nmore uncertain problem, than
would occur if the two variables were Independent and merely
sdditive.

Although the commen instances of setbacks occur in a single build-
ing, the condition can also he created by adjoining buildings of
different heights,

Tn Managua, in the 1972 Nicaragua earthguake, the six-story Ilang
building was adjacent toc a three-story building on one side, and a
two-story building on the other. Extreme damage occurred just above
the top of the adjacent two-story building, while there was little
damage higher up in the six-story building (Figure VIT-8). While
this damage was partly due to the adjacent structures vibrating
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Figure VII-8. Severe damage at the point
of setback, the lang Buiiding, 1972
Managua Nicaragua earthquake.

Figure VII-Q, Narrow towers on broad
underground bhases, typifies many
buildings with integral parking
structures.

independently and pounding against each other, in large part it

was due to the abrupt change in stiffness at the rcof level of the
adjoining two-story building. With the lower parts of the Lang
building constrained by the adjoining building, lateral displace-
ments of the larger building were constrained in its lower portions
and damage was severe at this point where a stress concentration
occurred.

Engineer S.B. Barnes has discussed narrow towers on broad bases
which result from the influence of parking requirements on building
form {1).

"This type of structure is encountered frequently in Southern Cali-
fornia where parking areas are desirable and required by law. The
tower usunally has a moment resisting frame with no shear walls.
The large base structure usually involves basement stories which
obvicusly must have basement walls which have almest infinite
rigidities as compared to the more flexible frame which carries
through under the tower (Figure VII-9). At the transition level
then we need an especially heavy diaphragm to transfer lateral
forces from the tower area to these perimeter basement walls and
special attention must be given to strut-tie connections at this
level."

Setbacks and inverted setbacks are similar in that they create
changes in stiffness and are susceptible to the noteh effect, but,
as might be expected, are opposite in terms of the characteristics
of their overall shape. For although replacing a large notch with
several smaller ones, or tapering the elevation may eliminate the
problems due to abrupt changes in stiffness for the setback build-
ing, the inverted setback building has an additional more serious
problemnm,

Since it is desirable to keep the forces lower to the ground rather
than higher, it is desirable to keep the building's mass or center
of gravity closer to the ground, Forces at lower heights mean
smaller lever arms and hence smeller overturning moments. The
setback or pyramid configuration distributes masses in a positive
way, while the inverted sethack is a significant step in the wrong
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structural direction (Figure VITI-1C). Related o the size of the

cm forees, 1s the question of the amount of the resistance capacity.
ot The pyramid shape increases its amcunt of material {assuming some
2L cm uniform distribution of members) as it goes down, in which direction
\ l. K the loads are also increasing. The upside-down pyramid, in
addition to stacking its mass up higher off the ground, provides

Figure VIT-10. With an inverted setback, less d§pth agd @aterla% as 1? goes down - the opposite of an
the lever arm (2L), acting through the effective selsmic configuration. An exanple of damage to an
center of mass {em), is twice as long inverted setback building appears in Figure VII-11.

as in a setback, therefore the over-
turning forces are double.

Figure VII-11. Collapse of upper story
of inverted setback, Sud Building, 1960
Agadir Morocco earthquake.

c_ How the Bui’ding Setbacks have long been recognized as a problem, and so the Uniform

. Building Code has attempted to mandate special provisicns for them.
COde Dea’s W’th Currently, the Earthquake Regulations of the Code refer to setback
setbacks configurations as follows (2):

"Buildings having setbacks wherein the plan dimension of the tower
in each direction is at least 75% the corresponding plan dimension
of the lower part may be considered as uniform buildings without
setbacks, provided other irregularities as defined in this secticn
do not exist." (Figure VII-12)

The SEAQOC Commentary {1975) to this section is (3):

"Any horizontal offset in the plane of an exterior wall of &
structure is a setback. Sometimes this requires the transfer of
shear from the upper wall across the setback to the wall below.
Provision for overturning moment alsc requires special attention at
setbacks. The SEAOC Recommendation considers the more usual case
of concurrent physical and dynamic setbacks. It can occur that a
physical setback will not create a dynamic irregularity. Con-
versely a dynamic irregularity can be created without a physical
setback. These specizl conditions should be carefully considered
by the structural engineer to produce proper design.

Figure VII-12. SEAOC cut-off point for

setbacks: Plan dimension of tower = "Setbacks 1n many instances constitute a degree of irregularity
75% of corresponding dimension of next

. ] - . .
lower level. For rectangles, this will that requires consideration of the structure's dynamic cheracter-

ocecur when the tower area reduces to istics in order to achieve a reasonable distribution of lateral
9/16 of that of the base. forces."
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In addition, the Commentary refers the reader o Appendix C, the
report of the 1958 Setback Subcommittee, which is discussed in our
next section. Thus, in dealing with setbacks, the code essentially
leaves to the designer the evaluation of the problems and the
selection of an appropriate design solution.

D. The 1958
SEAOC Setback
Subcommittee

D

Figure VII-13. The categories defined
in the 1958 SEAQC Setback Subcommittee
proposal,

In 1958, the Setback Subcommittee of SEAQC, headed by John Blume,
attempted to provide a basis upon which code regulations for set-
back configurations could be written. Their proposal was not
adopted, but still appears in the SEAOC "Blue Book" Commentary to
the Code, and their approach provides some useful guidance.

Four basic conditions were defined by the subcommittee (4), which
are defined below and in the chart following (Figures VII-13, 1),

A, The setback is not of sufficlent extent o modify the behavior
of the huilding. To determine period and base shear, the structure
is considered as one building of full height, and of a width which

is the weighted average of tower and base.

B. "The Base portion predominates and the Tower may be considered
an appendage subject to a ground motion which is equal in acceler-
ation to that of the top of the Base portion... The Base shall

be considered a separate bullding of its own height with the Tower
weight and base shear applied at the roof level. The Tower base
shear coefficient shall be forty {40%) percent greater than that
obtained on the assumption that the Tower is a separate building
situated on the ground. The other Tower shears shall be determined
pro rata from this Tower base shear as for a separate building."”

C. "The Tower portion predominates and the portion of the Base not
encompassed by the tower extension to the ground is essentially a
structural "lean-to" which goes along for the ride, but also con-
tributes additional mass and resistance...”" To compute seismic
coefficients "extend the Tower through the Base to the foundation
level and treat as a separate building unit of™ full height. "The
additional weight of the portiocns of the Base not included in the
extended 'Tower' shall be used with the seismic coefficients for a
fictitious bullding having the helght of the Base only to determine
additional lateral forces at the lower levels. At least 70% of all
'Tower' originated forces shall be provided for within the plan
limits of the extended 'Tower'."

D. "The intermediate cases which are difficult of determination.
In this category we have to consider the situstion where the two
pertions may average out to act as one building of the full height
or where they may vibrate as independent units but in such manner
as to affect cach other... Whichever of the following procedures
produces lateral forces which govern the design at any location or
member shall be used:

(1) Assume the Tower and the Base constitute one building of the
full height, and of a weighted average width, to determine the
seismic coefficient: such coefficlents shall then be increased
twenty (20%) percent; or:

(2) Treat the Base and Tower as two separate buildings and follow
procedure B above."
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Az
h
s ]
= !
— — ANALYSIS METHOD
b h
8 to 1.0 any A average width
.6 te .8 less than .35
Aoto L6 less than .25 B vase + appendage
0 te b less than .4
.6 to .8 .65 to 1.0
R .75 to 1.0 ¢ tover + "lean-to
less than .4 8 to 1.0
less than .4 less than .4 to .8 D whichever average width, 120% forces;
6 o .8 less than .35 to .65 governs for —or—
any member base + tower, follow B.

Figure VIT-1h. Analysis procedures pro-

posed by the 1958 SEAOC Setback Sub- The Setback Subcommittee also recommended that structural frames,

committee. either moment resisting or bhraced, or combinations be required for
both tower and base of any setback building with more than one
story of setback. In addition, it should be required that the
columns supperting the setback be carried straight down from the
setback columns all the way to the foundation {Figure VII-15).

Figure VII-15. Structural framing of
setbacks should include continuous . CONTINUOUS COLUMNS DISCONTINUOUS COLUMNS

columns.
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E. Solutions

T 1T &
D> S
ﬁﬁk % A &

Figure VII-16. Office tower seismically
separated from parking structure
building, Kajima International Building,
Los Angeles.

Figure VII-17.
bay spacing.

Setbacks coincide with

Solutions to the setback configuration are analogous to those of
its horizontal counterpart, the re-entrant corner plan. The first
type of solution consists of a complete seismic separation in plan,
so that the portions of the building are free to react in their own
way (Figure VII-16). For this solution, the guidelines for seismic
separation discussed in the previous chapter, should be followed,

Where the building is not separated, the analysis proposed by the
SEAOC Setback Subcommittee provides the best gunidelines. Particular
attention should be paid to avoiding vertical column discontinuity,
so that setbacks should be arranged to coincide with normal bay
sizes {Figure VIT-1T). Any large building with major setback con-
ditions should be subject to special analysis, or at least careful
investigation of dynamic behavior. Finally, the inverted setbhack

configuration of any extreme form and size should be avoided in
seismic areas.
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A. The Genera, The set of problems created by discontinuous strength and/or
) stiffness has been well stated by Hanson and Degenkolb (1).
Problem

"If there is a single zone of weakness in the path of force frans-
mission, or if there is a sudden change of stiffness, there is a
zone of danger. Iven when the structure remains elastic the re-
sponse will change considerably and the distribublon of forces
throughout the height of the structure can vary substantially from
the assumed triangular distribution. However, it is even more
eritical when the structure has begun to deform inelastically.

",..If it can be assumed that the code reguired lateral forces are
based on the performance of an older style typical structure where
there was no sudden change of stiffness, then the absorption of
the earthquake energy is distributed throughout the structure,
either uniformly or in some regular continuous pattern. If a
structure has a much more flexible portion under a rigid portion,
nost of the energy absorption is concentrated in the flexible
portion and very little is absorbed in the more rigid portion
above.,."

# 4 The most prominent of the set of problems caused by discontinuous
B. The ‘Soft Stor P P ¥
" l’ strength and stiffness is that of the 'soft story.' This term has

commonly been applied to buildings whose ground level story is
weaker than those above. However, a soft story at any floor
creates a problem, but since the forces are generally greatest
towards the base of a building, a stiffness discontinuity between
the first and second floors tends 1o result in the most serious
condition (Figure VIII-1).
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The soft story occurs when there is a significant discontinuity
of strength and stiffness between the vertical structure of one
floor and the remainder of the structure. This discontinuity may
oceur because one floor, generally the first, is significantly
taller than the remainder, resulting in decreased stiffness.

Discontinuity may also occur as a result of a common design con-
cept in which all vertical framing elements are not brought down
to the foundation, but some are stopped at the second floor to
increase the openness at ground level {Figure VIII~2). This
condition creates a discontinuous load path resulting in an abrupt
change of strength and stiffness at the point of change.

POINT OF
DISCONTINUITY

Finally, the soft story may be created by an open floor which
supports heavy structural or non-structural walls above. This
situation is most serious when the wall above is a shear wall,
acting as a major lateral force resistant element: this condition
is discussed later in this chepter, since it represents an impor-
tant, special case of the soft story problem.

Figure VIII-1. A stiffness discontinuity
produces a zone of weakness, or a
"soft story™.

The basic prcoblem with all these variations of the soft story is
that most of the earthquake forces in the building, and any con-
sequent structural deformity, will tend to be concentrated in the
weaker floor or at the point of discontinuity, instead of being
more uniformly distributed among all the stories.

Fiure AIIII. The diseoninuous load PreCEding page blank

path.
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Figure VIII-3. Taller ground story
columns contributed to the dsmage of
this soft-story building, Carrililo
Hotel, 1925 Santa Barbara California
earthquake.

Figure VITI-L. Collapsed wing of 10-
story Palace Corvin Building, 1967
Caracas Venezuela earthguake. {The
uncollapsed wing contained more ground
story partitions.)

Figure VIII-5. Damage to a soft first
story building, the San Bosco building,
in the 1967 Caracas Venezmuels earth-
quake.

Previous sbtatements about flexible elements carrying less load
than stiffer ones, referred to the rigid diaphragm which distrib-
uted loads according to the relative rigidities of vertical ele-
ments, which were uniformly deflected. This is not the situation
with soft stories which form the flexible portion of the building.
In the soft story conditicn, deflections of this story will be
mich greater than that of other floors, and hence this one story
will experience more stress and damage.

The soft first story was early identified as a problem. This
account of damage to a soft first story building in Santa Barbara
was written by Freeman based on the damage observed in 1925 by
Henry Dewell and Bailey Willis. Even with more than fifty years of
hindsight, an earthquake expert of today would not need to take
exception to the summary (2).

"Carrillo Hotel. This was of particular interest because of the
tall, first-story columns, which served as a semi-flexible support
and were bent by the inertia-resistance of the superstructure,
which suffered relatively little damage, while the walls and floors
of the lower portion were severely wrecked, so that columns were
strained at the point of flexure, and panels distorted at the

point where the hollow tile was sheared, and the brick, or tile,
veneer was wrenched and shaken off (Figure VIII-3). Joints and
connections at top of the tall first story columns were reported
badly wrenched and broken. The fact that this building, with
first-story columns fractured at top and bottom, did not topple
over, can only be explained by the small amplitude of earth motion.™

Contemporary engineers are clear as to the problems with the 'soft
first story' concept. To gquote Hanson and Degenkoldb (3):

"There is a strong architectural tendency throughout the world %o
have an open first floor - to place the building on "stilts" as

it were... It cannot be emphasized too strongly that current
earthguake code requirements are not based on this type of dynamie
stiffness distribution, and potentially a great amount of trouble
should be expected where these buildings are built to minimum code
requirements in areas subject to great earthquake shocks. The
damage to many buildings in Caracas [in the 1967 earthquake] gives
ample warning as to what lies ahcad on the West Coast of the United
States.” (Figures VIII-k, 3)
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Figure VIII-6. The New Society Hotel,
damaged in the 1976 Mindanac Philippines
earthquake.

Figure VIII-7. Two exemples of soft
first story failures. Left, a damaged
two=-story shop in Misawa City whose
¢olumn failed at the top of the first
floor during the 1968 Tokachi-oki

Japan earthquake. Right, distortion of
ground story of apartment building on
Eleventh of October Street, 1963 Skopje
Yugoslavia earthquake.

In the New Society Hotel, in Mindanao, 1976, the problem created by
the vertiecal discontinuity of the tall first floor columns was
intensified by a horizontal configuration problem leading to
torsion. The two sides of the building facing the street were
framed, but the two party wall sides were walled (and hence
stiffer). The corner by the intersection would be expected to
move the most, and hence the ground floor columms here are sheared
and bent the most. Figure VIII-6 shows clearly that the building
rotated as it fell outward into the street.

Figure VIII-7 shows other recent failures of soft first stories in
a variety of structural types.
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C. Solutions

Figure VIII-8. Solutions to the soft
story problem.

Solutions to the problem of the 'soft' story start with its elimi-
nation: to avoid the discontinuity through architectural design.
If, for programmatic or compelling image reasons this is not
possible, the next step is to investigate means of reducing the
discontinuity by other design means (Figure VIIT-8), such as
inereasing the number of columns, or adding bracing. Alternately,
a high first floor may be attained but dynamic discontinuity elimi-
nated by introducing a vertical super bay in which the main struc-
ture has uniformity of stiffness throughout its height and
additional lighter floors are inserted in such a way as to have as
little effect as possible on the characteristics of the main
structure.

potential solutions
basic
elevation
type
uniform
added
columns ] l
“soft” story —
super [
bay
braced

A1]1 these solutions require detailed analysis and refined design to
alleviate the problems; the diagrams are intended merely to illus-
trate generic concepts that may begin a train of investigation.

The possibilitles of architectural solutions should not be for-
gotten: +the necessary emphasis to the first floor may bhe provided
by design approaches that do not demand structural discontinuity
(Figure VIII-9).



Figure VIII-9, A traditional archi-
tectural device for creating a visually
non-uniform facade upon a uniform
structure.

3

Figure VIII-10. Malaysian Rubber
Producer’s Research Association base
isoclation device, a rubber and steel
plate sandwich, tested at U.C. Berkeley.
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STRUCTURAL CONFIGURRTION

Tt should also be noted that the intentional use of a soft first
story as a means of disconnecting the building superstructure from
ground motion generated in an earthquake is theoretically a wvalid
possibility. In-depth analysis and special constructlon measures
and materials appear to be required to make the scheme work
reliably. As Chopra, Clough, and Clough point out in their model-
ing of a partieular first story design {4), "The first story yileld
mechanism must be designed to accommodate very large displacements,

in excess of one foot, if it is to be effective with a flexidble
structure.”

These and other authors have additicnal caveats. Intentionally
designing a soft first story into a building may merit more atten-
tion, but at present it is a subject for research rather than for
practical application.

"Base isclation” devices comprise a separate toplc, and represent
an attempt to achieve a highly controlied soft story that isclates,
or partially isolates, upper floors from ground motion. Tarly
{(nineteenth century) suggestions that buildings could be mounted on
a layer of ball hearings are now being pursued along similar lines
of thought, using modern technology: column base plates isolated
from the foundation by a shearing sandwich of rubber and steel
plates (Figure VIII-10), or a quasi-hydraulic shock absorber which
pumps solid lead through an orifice and then back again as the
foundation move back and forth, ete. This general approach is still
at an experimental stage although French, New Zealand, and Swiss
prototype buildings have actunally been constructed.

Insofar as such devices may prove practbical, they will serve to
reduce, not eliminate, the level of loading in the superstructure,
and to the extent that lateral forces are still experienced, all of
the configuration principles presented here are still applicable.
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D. Discontinuous When shear walls form the main lgteral resistant elements of the
building, they may be required to carry very high loads. If these
Shear Wa”S walls do not line up in plan from one floor to the next, the forces

created by these loads cannot flow directly down through the walls
from roof to foundation, and the conseguent indirect lcad path can
result in serious overstressing at the points of discontinuity.

Often this discontinuous shear wall condition represents a special,
but common, case of the 'soft' first story problem. The program-
mgtic requirements for an open first floor result in the elimination
of the shear wall at that level, and its replacement by a frame.

It must be emphasized that the discontinuous shear wall is a funda-
mental design contradiction: the purpose of a shear wall is to
collect diaphragm loads at each flcoor and transmit them as directly
and efficiently as possible to the foundation. To interrupt this
load path is a fundamental error: to interrupt it at its hase is

a cardinal sin. Thus the discontinuous shear wall which stops at
the second floor represent a 'worst case' of the soft first floor
condition.

Olive View Hospital, which was severely damaged in the 1971 San
Fernando, California earthquake, represents an extreme form of the
discontinucus shear wall problem.

[j] WING C

WING B

> W

EDGE OF ——3
EXTENDED
SECOND FLOOR

02040 goft IN
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Figure VIII-1l. Plan and sections of SECTION B-8
Qlive View Hospital.
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Figure VIIT-12. Distortion of the soft
story, Olive View Fospital, in the 1871
San Fernando California earthquake.

10 40
20 "

SECTION C-C

Figure VIII-13. Stair tower section,
Mirn View Hospital.

The general vertical configuration of the main building was a
Ysoft! two-story layer of rigid frames on which was supported a
four story (five, counting penthouse) shear wall-plus-frame
structure (Figure VIII-11). The second floor extends out to form
a large plaza: +thus, in photographs, the main building appears to
have a single soft story, rather than two. The severe damage
cccurred in the soft story portion, which is generally to De ex-
pected (Figure VITI-12). The upper stories moved as a unit, and
moved so much that the columns at ground level could not accom-
modate such a huge displacement between their bases and tops and
henece failed. The largest amount by which a ccolumn was left per-
manently out of plumb was 2-1/2 feet. According to Frazier, et al
(5), "it is doubtful if the already badly damaged columns could
have stood up for another five seconds of strong ground shaking."

A discontinuity im vertical stiffness and strength leads to a con-
centration of stresses and damage, and the story which must hold

up all the rest of the stories in a building should be the last,
rather than the first, component to sacrifice. Had the columns at
0live View been more sirongly reinforeced, their failures would have
been postponed, but it is unrealistic toc think that they would have
escaped damage, Thus the significant problem lies in the configu-
ration, and not totally in the ecolumn reinforcement.

Though it is not as widely known, the stairtowers at Olive View
also show a clear example of a discontinuous shear wall failure.
The nature of this failure is not obvious, since the plaza formed
by the extended second floor, gives the towers the appearance of
being only six stories in height, when actually they are seven
(Figure VITI-13).
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Figure VIII-1k, Stair tower B collapsed
outward, Olive View Hospital.

These seven-story towers were independent structures, and proved
incapaple of standing up on their own: three overturned completely,
while the fourth leaned outward 10°. The six upper stories were
rigidly braced with ample solid reinforced concrete walls, but the
bottom, or 'soft' story was composed of six reinforced concrete
columns, which failed. The exception was the north tower, whose
wells came down to the foundation directly without any discontinu-
ity; this was the only tower which remained standing. Obviously,
none of the towers was adequately built to prevent overturning,
since the 10° out-of-plumb movement of the north tower might easily
be called "failure," but it is clear that this flaw was compounded

into total collapse only where the soft story was present (Figure
VIII-1k).

While one may attribute the proximate cause of these stair tower
failures to the detailed design of the reinforced concrete columns
which failed (such as the inadequacy of their ties) and to the
extreme ground motion, it is clear that the configuration factor

was responsible for setting up this over-stress situation. UNo
matter how well the reinforcing is designed, a more reliable general
solution would have been to eliminate the discontinuity created by
the termination of the shear walls.

A common building configuration of the last few decades, is that
of a number of repetitive floors of rectangular plan, with blank,
or nearly blank, end walls which stop at the second floor level

to permit an open ground floor. The Imperial County Services
Building, El Centro, California, is a prototypical example of this
building type (Figure VIII-15). )
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Figure VITII-1S5. The Imperial County
Services Building, lecated in E1l Centro
California, following the 1979 earth-
gquake.

The behavior of the Imperial County Services Building, El Centro,
in the Imperial Valley Earthquake of 1979, provided a textbook
example of the effects of architectural characteristics on seismic
resistance. The building was a six story reinforced concrete
structure built in 1969, TIn the relatively mild earthguake, in
which only a few of the poorest unreinforced masonry bulldings
suffered structural damage, this building suffered a major struc-
tural failure, resulting in colummn fracture and shortening - by
compression - at one end (the East) of the building (Figure VIII-
16). The origin of this failure lies in the discontinuous shear
wall at this end of the building. The building was subsequently
demolished.

Figure VIII-16. A view of the east end
of the Tmperial County Services
Building. Notice the sagging as a
result of the column shortening.
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Figure VIII-17. Plans, elevations, and
section of the Imperial County Services
Building, showing the location of
shear walls,

The fact that the failure originated in the configuration is made
clear by the architectural difference between the East and West
ends, Figure VIII-1T7. The difference in location of the ground
floor shear walls was sufficient to create a major behavioral
difference in response to rotational, or overturning, forces on the
large end shear walls {Figure VITI-18).
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EAST SHEAR WALL- TRANSLATION ~ROTATION

O.M. = OVERTURNING MOMENT
T = TENSION
C = COMPRESSION
Figure VIII-18. Graphic analysis of the . :
end wall conditions of the Imperial
County Services Building., WEST SHEARR WALL- TRANSLATION ~ROTATION

The solution to the problem of the discontinuous shear wall is un-~
equivocally to eliminate the condition. To do this may create
architectural problems of planning or circulation or of image. If
this is so, then i1t indicates that the decision to use shear walls
as resistant elements was wrong from the inception of the design.
Conversely, 1f the decision is made to use shear walls, then their
presence must be recognized from the beginning of schematic design,
and their size and location early made the subject of careful
architectural and engineering coordination.
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E. Variations in The origin of variations in eolumn stiffness generally lies in
- architectural considerations: hillside sites, infilling of portions
COI('mn St’ﬁness of frames with "non-structural™ but stiffening material to create

high strip windows, desire to raise a portion of the building up
off the ground on tall pilotis while leaving other areas on
shorter coclumns, or stiffening some columns with a mezzanine or
loft while leaving others two stories in unbraced height.

The importance of these issues lies in the fact that its effects
are counter-intuitive. TFor example; often infilling may be done
as a remodel activity later in building life in which the engineer
may not even be consulted, and intuition may suggest to the
designer that he is strengthening the column and the structure as
a whole, rather than introducing a serious stress concentration,

Z
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It would seem reasonable that a short column would be stronger than
a longer one of the same cross sectional area: certalnly, for
vertical loads, it would be less subject to buckling, and hence
capable of receiving high loads. But the short cclumn is also
gtiffer, and under lateral loading, in which loads are distributed
according to the stiffness of resistant elements, the short, stiff
colum will ‘attract' forces which may be quite out of proportion
to its strength.

The effect of this phenomenon is illustrated graphically in

Figure VIII-19, in which columns of unequal length are salso re-
presented, by analogy, as connected cantilever beams of unequal
length., The vertical load analogy at once makes clear what is
happening. Figure VIII-20 shows an example of damage to a building
with this condition.
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A= (CANTILEVER)

STIFFNESS VARIES AS THE CUBE OF THE LENGTH.

IF E AND I ARE THE SAME FOR Two CANTILEVERS, THE ONE TWICE AS
LONG WILL BE Z3=8 TIMES MORE FLEXIBLE.
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Figure VIIT-19. The short column vs. IF THEY MUST DEFLECT THE SAME AMOUNT, THE COLUMN WHICH [$
the tall colunm: the results may be 8 TIMES STIFFER (f.e. THE SHORT COLUMN) WiLlL TAKE & TIMES THE

counter~intuitive. LORD OF THE OTHER COLUMN.
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Figure VITII-20. Short column effect
results in greater load and greater
damage to the shorter columns.
Stadium, 1972 Managua Nicaragua earth-
quake.

If the condition cannot be avoided, a solution i1s to equalize the
stiffnesses of the columns by introducing struts that increase the
stiffness of the longer columns. This principle is illustrated

in Figure VIII-21, which shows the American Embassy in Tokyo,
dJapan: the building is on a considerable slope, and it was
desirable to maintain a largely open first floor. By connecting
columns horizontally alt each floor level by a freestanding beam,
the stiffness of the cclumns are made approximately egual.

Figure VIII-21. A solution to the
problem of unequal column stiffness:
the Ameriean Embassy, Tokyo Japan.
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F. Weak Column,
Strong Beam

Figure VIII-22. Weak columns and strong
beams commonly lead to damage during
earthquakes, Maruhon building, 1978
Sendai Japan earthquake,

Even when az building totally collapses, it still has a large amount
of relatively undamaged material within its structure. The worst
coliapse, the "pancaking" vhenomenon which occeurs when the floors
stack up in a pile with only rubble separating them, is due to the
destruction of the vertical part of the structure only. The

floors still have considerable strength in them, bhut the fact that
they were not destructively overstressed was of no help to the walls
or columns.

A basic principle is to design a structure in such a way thal under
severe seismic forces, beams will perform plastically before
columns, This is based on the reasoning that as beams start to
fail they will move from elastic to inelastic behavior and start

to deform permanently. This action will dissipate and abtsorb some
of the earthquake forces on the same prineiple as the collapse of
the front end of a correctly designed automobile will absorb
cellision energy and protect the essential structure that surrounds
the occupants., Conversely, if the column fails first and begins to
deform and buckle, major vertical {compressive) loads may guickly
lead to total collapse.

This principle is well understood, but its converse, the desgign of
weak columns and strong beams (Figure VIII-22), is & surprisingly
frequent cause of building damsge and collapse. The most frequent
condition of occurrence is the combination of deep stiff gpandrels
with reinforced concrete columns in structures such as schools and
offices which require {or are assumed to require) long uninter-

rupted bhands of glass inserted between widely separated columns,

A detailed example from Japan illustrates this phenomenon. In
1970, Sendai, Japan was the site of the US-Japan Seminar On Earth-
quake Engineering with emphasis on the Safety of School Buildings.
Two different Japanese papers (6) specifically identified a cen-
figuration problem common to many Japanese schools: the windows
of the north wall are shorter than those of the south.
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Figure VIII-23, 1968 Tokachi-oki earth-
quake damaged scveral school buildings
that usecd the strong beam-weak column
configuration. Misawa Commerce High
Sehool, Japan.

Figure VIIT-2k. 1978 Miyagi-ken oki
earthquake produced similar damage to
schools built following a code revision.
Teumi High School, Sendai Japan.

The spandrels of the north wall are deepened to produce this feneg-
tration condition and with a construction system in which these
spandrels are part of the monolithic concrete structure, the north
and south walls respond gquite differently to earthquakes. The
columns of the north wall are shorter and stiffer, and while the
more flexible columns of the south wall are accommodating a given
amount of movement in flexure the north columns are failing in
shear. BSince the spandrel beams of the north are so stiff, as the
frame deflects, the beams remain essentially straight and most of
the deformation is forced inte the columns. Differential stiffness
of the two longitudinal column lines also causes torsion.

Classreooms are typically arranged in linear fashien with circulation
along an exterior gallery corridor. This provides daylighting from
two sides, and also results in a relatively narrow (approximately
10m = 33 ft.) building whose frame is one hay wide., If the shord
columns of the north wall experience enough damage (usually the
ground floor columns collapsing the mcst), the building tilts over
toward the north. The 1968 Tokachi-oki earthquake provided many
examples of this kind of configuration suffering this type of

damsge (Figure VIII-23).

After the 1970 Sendai conference, many Japanese school bulldings
were still built in this same configuration. The only difference
between the buildings that were damaged in the 1968 Tokachi-oki
earthquake and the newer schools of the seventies, was the greater
amount of reinforcement required by the building code. When the
1978 Sendai earthquake subsequently occurred, the damage patterns
were quite similar: schools of this configuration experienced
damage to their short columns. The added strength of members due
to revised code provisions for reinforcing, merely delayed the
point at which damage occurred, but when subjected to sufficient
shaking, the building configuration determined what kind of failure
occurred, and where (Figure VITI-24).

The only way to cure the problem is to re-think the basic design,
and re-thinking the design necessarily involves the architect, and

the educational clients who influence the program, as well as the
engineer,
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There are a variety of possible solutions. If the original con-
sideration accounting for the facade layout was solar exposure,
then a similar-appearing building could be produced which admits
light and heat in about the same way but has better siructural
characteristiecs. A non-structural curftain wall, part glazed and
part opaque, could be used. Alternatively the same structural
scheme could be used with a minor revision: provide vertical
separation gaps between the spandrel concrete and the cclumns, so
that the columns on both walls are effectively identical in
length (Figure VIITI-25).

e ' |

‘\\\ e i :
\“:QT\\,,<,1’§:”/’ .

5o !

TR £

ELEVATION SECTION

Figure VIII-25. Photo and detail of
spandrel-column separation asz a
remedial measure, Tohoku Institute of
Technology, Building #5, Sendai Japan.
Remedizl measures were undertaken
following the 1978 earthguake.
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G. Shear Wall and
Frame Interaction

Figure VITI-26. Character of the shear
wall changes as size of openings are
increased.

Figure VIII-2T7. Location of possible
failure in shear wall design, caused by
size and placement of openings.

The weak column, strong beam condition is a speclal case within
more general problems that arise because of the relationships
between shear walls and frames. A weak column, strong beam design
can also be defined as a shear wall in which large openings have
been placed so as to severely reduce the capacity of the shear
wall. As openings are placed in a shear wall, its character may
change until it becomes in effect a frame (Figure VIII-26).
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The ways in which the shear wall is penetrated or reduced to a
frame may cause localized areas of weakness and possible failure
(Figure VIII-2T). In this diagram, Condition 5 is potentially that
of a weak column, strong beam, depending on the precise strength
and stiffness of the walls and short columns. If this configu-
ration is further randomized, as in Condition 6, so that a small
number of short columns carry the forces, a very poor resistance
system is then created.

{. RANDOM 2. TRANSFER 3. COUPLED
MAY BE INTERIOR OR EXTERIOR SHEAR WALLS

4 UNIFORM & UNIFORM 6. NON-UNIFORM
EXTERIOR SHEAR WALLS ONLY
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Figure VIII-28. Basic shear wall yield
behavior,

The yield behavior of typical shear wall conditions is shown in
Figure VITTI-28. From this diagram it can be seen that three types
of behavior must De contained. The wall must have sufficient
capacity to resist shear forces introduced into it at each diaphragm
connection; the wall must have sufficient capacity to deal with
flexure created by overturning forces; and the wall frame relation-
ships must be able to deal with transfer of Toreces from wall to
frame or from wall to wall through the frame, as in the coupled
shear wall system.
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The coupled shear wall design is significant because, like the
weak column, strong beam solution, it often originates from a
useful architectural concept, and from the need to penetrate the
perimeter for daylighting purposes, as in the hotel/apartment type
configuration shown in Figure VIII-29,
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Figure VIII-29. The coupled shear wall ; N
is often a result of the architectural i . .
program, as in the hotel/apartment

configuration. PLAN ELEVATION

The eoupled shear wall design can alsc he seen as analogous to the
weak column, strong beam condition rotatea 90° (Figure VIII-30),
although in the coupled shear wall the problems are more likely to
occur through flexure of the shear walls particularly if they are
tall and slender, and the yielding occurs in the beam rather than
in the column, which 1s obviously more desirable.
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Figure VIII-30. The weak column-strong
beam analogy.

Solutions to the kind of problems presented by shear wall frame
interaction fall into three groups (Figure VITI-31). The first
kind of solution is teo prevent flexure damage to the frame by
detaching it from the shear wall in such a way that it is free to
move without risk of damage. The second soluticn is to tie frame
and shear wall securely together at the foundations, to reduce
differential movemenlt. This scolution may be sulitable for short
walls and frames, but will not solve the problems created by tall,
slender walls. For these the solution lies in connection also at
the top, with a high capacity transfer beamn.
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Figure VIII-31. Solutions to the
shear wall problem.
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It should also be pointed out that in wall-frame designs such as
the coupled shear wall, yielding and deflection of the frame may
perform a useful energy abscrbing function, acting as a second line
of defense as the capacity of the shear wall begins to be exceeded.
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Sophisticated design solutions can be envisaged in which the size -
and hence cost and architectural restraints - of shear walls can be
reduced to provide resisbtance capacity to deal with moderate ground
motion, which will occur much more frequently than the great earth-
quake. When very severe ground motion occurs, additional capacity
is provided by energy absorption in a frame, designed to yield in

a way that risk of collapse is minimized, and combined with archi-
tectural and other non-structural detailing that will Iimit the
economic and functional losses due t0 non-structural damage.

To adopf this approach with confidence needs further research into
the nature of ground motion and building behavior, and more under-
standing of the interactions between different elements of building
structure and other building components. The prime incentive would
be economic: 1o design a structure in which the relationship of
its cost and performance is more closely matched to the probability
of the conditions that it will encounter during its lifetime.

The approach is analogous to that used in the design of automobiles:
rather than the entire vehicle beling constructed to remain intact

in a major impact, the design is accomplished in such a way that
front and rear ends provide major impact absorptlon capacity, and
detailed design of items such as steering columns are designed to

Figure VITI-32. Analogous impact . break before they present a hazard to the occupants
absorption capacity of automobiles. (Figure VIII-32).

- The effects of the addition ¢of non-structural elements which seri-
H' No_r! St'_'uctural ously change the dynamiec behavior ol a structure have already
MOdlftcaflonS been touched on in looking at variations in column length (also

Chapter ITI, Section ¥: Non-Structural Elements).

Random stiffening of a frame structure by masonry infill is a
common instigator of damage and failure. The mechanism is always
the same: the earthquake forces are attracted tc the areas of
greatest stiffness, and if these are not designed to accommodate
these forces, they are prone to fail (Figures VITI-33,3k).

Clive View hospital included this problem along with 1ts others.

Masonry enclosure walls were supposed to act non-structurally but
performed structural roles until failure, by accidentally intro-

ducing stiffness into the structure at random places. Separation
was intended, but {(7):

"Seismic gaps provided between the first floor slab and the masonry
walls in the ground story, and between the first story elevator
walls and the structural members bhelow the second floor level, were
not large enough or detalled to achieve the desired degree of
isolation. Considerable damage resulted from the pounding or
interaction of adjacent components that were intended to be
separated. Careful detailing and realistic assessments of rela-
tive deformations are required 1o achieve effective seismic
separation.”

Unintentional interaction has two detrimental effects: the non-
Figure VIII-33. Damage to a column which  otryegural component is unnecessarily sacrificed, and, from a con-
‘;2?fii‘i:gfl‘é;lxnz:itiizi&rzg ?E?Eil, figuration standpoint, the stiffness introduced at random places
Student Union Club, Unlversity of can redistribute loads unegually and produce torsion.
Skopje, 1963 Skopje Yugoslavia earth-
quake.
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Tigure VIII-3L. Damage to short, stiff
columns created by non-structural

infill, Simon Bolivar Central Scheol, :
1972 Manzgua Nicaragua earthquake,. ’ g : B e

The possibility of accidentally involved modifications 1s reduced
if a careful check of the design is made as working drawings are
completed, and all architectural elements are shown which may not
have been apparent to the engineer when he worked on the structural
design. A special warning should be noted in respect of "fast
track” projects, in which additional design is completed before all
non-=-structural design decisions are made. In the haste to meet
late program requirements, stiff walls may be added to a structural
design which is complete, or under construction.

In general, random infill walls within frames should be avoided,
particularly of heavy materials. But even though a stud and gypsum
board wall is regarded as non-structural, it may have considerable
though unguantified stiffness. Infill walls either should be
figured into the siructural concept, and detailed accordingly, or
detached in such a way that structural distortion will not cause
the wall to become stressed. To do this requires some analysis of
expected drift, and the development of architectural details that
will retain the wall securely in place ggainst normal vertical and
lateral loads, and yet allow for movement relative to i1ts frame.
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A. The Prob'em ?L‘he problgm of two adj?ining buildings or parts of the‘same build-

ing pounding together in an earthquake relates to two issues pre-
viously discussed: separation joints {if the structures are archi-
tecturally connected to form one building) and stiffness (since
this affects drift and hence the amount of separation required to
prevent contact)., Pounding is included in a discussion of con-
figuration issues because it is a matter of where buildings are
located, relative to other structures.

111y

Figure IX-l. Gran Hotel damaged in the
1972 Managua Nicaragua earthquake.

Pounding has been noted routinely by earthquake investigators over
the past several decades. In the 1972 Managua earthquake, the
five-story Gran Hotel suffered a complete collapse of its third
story when the battering ram phenomenon occurred at the roof level
of the adjacent two story building (Figure IX-1). The six-story
lang Building experienced severe damage where it abutted a lower
building at the lower building's roof height, partly due to actually
pounding but alsc perhaps due Lo the stiffening effect of the ad-
Joining building which momentarily created, in effect, a discon-
tinuity in vertical stiffness (Figure IX-2).

Preceding page blank

Figure IX-2. Pounding damage suffered

by the Lang Building, in thc same eartih-
quake. For another view of the Lang
Building, see Figure VII-§.
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In the 1964 Alaska earthquake, the fourteen~story Anchorage West-
ward Hotel pounded against its low-rise ballrcom and an adjoining
six~story wing, although separated by a four inch gap (Figure IX-
3). The pounding was severe enough in the high-rise to dislocate
some of the metal floor decking from its steel beam supports.

Two low (one story and three story) buildings at the Alaska Meth-
odist University (1) were separated by a two-inch gap, but rigid
insulation filling this space was apparently stiff enough to trans-
mit compression between the two buildings, because pounding damage
resulied.

The 1967 Caracas earthquake provided further illustrations of the
pounding problem: the hammering between components of the Macuto
Sheraton, between two apartment buildings, and the destruction of
one corner of the Nobel building when the adjacent Mijagual build-
ing collapsed,

Figure IX¥-3. Damage due to pounding,
Anchorage Westward Hotel, 1964 Alaska
earthguake.

F Blume, Newmark, and Corning have described the basic problem and
B. SOIUt’ons suggested possible solutions (2).

"COne of the first problems to be settled in the planning for any
building is its location in relation to the property lines and
adjacent structures. It is generally recognized that buildings
sway during earthquakes, but it is not always realized that ad-
Joining buildings can sway out of phase - first away from each
other and then toward each other, each in its own natural periocd
of vibration... Buildings that must be geparated into units
because of temperature movements or for other reasons should have
separations so detailed as to avoid the possibility of hammering.

"Building code provisions for separation of adjeining buildings or
components have never been too satisfactory, largely bvecause of the
various other problems involved. TIn the congested business por-
tion of most cities, land is extremely valuable. There is usually
strong objection when a proposed building code requires a large
separation because of the decrease in the usable areca and the finan-
c¢ilal return from the property...

"The SEAQOC code [Recommended Lateral Force Requirements] has the
following statement regarding building separations: 'All portions
of structures shall be designed and constructed to act as an inte-
gral unit in resisting horizontal forces unless separated struc-
turally by a distance sufficient to avoid contact under deflection
from seismic action or wind forces.'

"The question of what width of separation is sufficient must be
considered primarily e matter of engineering judgement. Arbitrary
rules could cause severe hardship in some cases and be inadequate
in others."
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Figure IX-b. Stiff elements, such as
floor slabs, not adlacent to each other,
will produce more severe damage.

The possibility of pounding, then, is a function of drift, or
vertical deflection of adjoining buildings (or parts of a building).
Drift is calculated by applying the design forces to the building
and then deriving the deflections which result. Since the estimated
forces will be less than what we know can occur, calculated de-
flections must be corrected for this to get a more realistic esti-
mate of how much the building may actually move. Alternatively,

an accurate estimate of drift may be made which accounts for all
foreseeable factors.

Blume, Corning and Newmark suggest an alternate method(3).

"A less rigerous appearing rule, but one which may in fact be both
more accurate and more rational, is tc compute the reguired sepa-
ration as the sum of the deflections computed for each building
separately on the basis of an increment in deflection for each
story equal to the yleld-point deflection of that story, arbi-
trarily increasing the yield deflections of the two lowest stories
by multiplying them by a factor of 2."

The 1976 Uniform Building Code prohibits drift from exceeding 1/2%
of the story height; for a 16'-8" story height this would be 1" of
drift.

Mn earlier edition of the Uniform Building Code contained a rule of
thumb intended for the relatively stiff structures of that day (4):
separations should be "one inch (1") plus one-half inch (1/2") for
each ten feet (10') of height above twenty feet (20')." A Russian
text (5) suggests 1-1/L" of separation for buildings up to 16!
tall, and en additionmal 3/4" for each additional 16' of height.

A though as noted above, such rules of thumb can be arbitrary, they
have a valid purpose for use as a schematic design allowance before
analysis can provide more precise figures. Note alsco that the
location of gtiff elements 1s important: if they are not adjacent,
the problem becomes worse (FPigure IX-L), and particular attention
should be paid to ensuring that the buildings will not pound one
another.
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A. Introduction
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Figure X~1. The three major influences
on building configuration: site,
program, and image.
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We have earlier defined configuration as the overall size and shape
of a btuilding, together with the size, nature and disposition of
those elements of the building that are significant to its seismic
performance. These include such elements as walls, columns, floors,
service cores, stairecases, the quantity and type of interior par-
titions, and the ways in which the exterior wall is left solid or
perforated for light and air.

Just as the principles of seismic design must be understood in
order to clarify the relationship between configuration and seismic
resistance, it is also necessary to have some conception of the
range and nature of the parameters that determine configuration.

We have already noted that building configurations seem to the
observer to be s0 varied that their derivation might seem to be
random, even whimsical. We suggest here that this is not so: +that
there are identifiable determinants of configuration and that even
a necessarily brief indication of some of them will improve our
general understanding of configuration and the extent to which it
can be modified to accommodate seismic requirements.

There are three major influences on building configuration: +the
requirements of site, the requirements of the building program, and
the requirements of imagery, or asesthetic aims (Figure X-1).

The first imposes constraints of site geometry and location. The
second represents the requirements imposed by the interior planning
of the bullding to respond to its requirements of use, or occupancy.
The third reguirement represents the designer's desire Tor physical
images that express the aspirations of the building owner, the
users, and of course, the designer himself. We will also touch
briefly on other influences in order to show the range and com-
plexity of the issues with which the building designer is faced.

PROGRAM IMAGE

The choice of configuration originates in the function of the
building. Since building function is a term much used, but seldom
understood, it is worth while trying to define function in terms
that reflect the multiplicity of building types and intentions,

In so doing, we can begin to clarify the whole issue of the purpose
of a building.

Confusion as to building function generally stems from definiticns
that place building function in opposition to building art.. This
opposition is expressed as antagonistic: design can be directed
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Figure X-2. The co-existence of art and
use: an example from Le Corbusier, the
SPAD 33 BLERIOT, a passenger plane.

towards use and efficiency, or towards aesthetic expression, but
cannct be both. An alternative theory expresses the co-existence
of art and use: this theory was embraced by the functionalists of
the 1920's in proposing that the art, or aesthetic pleasure of
building, lay in the precise expressicn of building purpose.

Le Corbusier, in his influential books of the 20's and 30's, used
examples of co-existence from engineering - ships, cars, planes -

to illustrate this view (Figure X-2). A very simplistic version

of the ldea of aesthetic and utilitarian co-existence became the
official posture of the architectural profession: the architect's
design will both solve your problems of use, and provide you with

a work of art. OSuch a posture continues today in the face of often
overwhelming evidence that such a position is often neither possible
for the professional, nor desired by the owner.

B. Determinants

Figure X-3. The easily subdivided floor
of an office building.

One approach to resolving this kind of simplistic inconsistency is
that taken by two English researchers {1) who have suggested that
all buildings attempt to perform four functions, which are expressed
as modifiers. Thus the building acts as a elimatic modifier in
providing a special micro climate for its users, and as an economie
modifier through the ways in which it modifies the economy by its
presence. The bullding also acts as a behavioral modifier by
affecting the ways in which people live, work and play, and finally
the building is a symbolic modifier by virtue of its image that
affects the building's owners, users, and observers. This last
concept includes the traditional 'art' of architecture.

This four function model is useful because it recognizes the co-~
existence of values in any building concept, and recognizes that
any building may have a different mix of emphasis among these attri-
butes. The Natiomal Art Museum in Washington is no less
"functional™ a building than a suburban warehouse, but the emphasis
placed on each function is different.

The relative emphasis of the four functions of the building, estab-
lishes a context within which the designer goes to work. Of the
four, the cost context is usually the critical modifier, and the
relations between building configuration and building cost have
some parallels to those between configuration and seismic design.
The simple, regular, repetitive form will tend to be both the most
economical and the most intrinsically trouble-free seismic
configuraticn.

Consideration of a specific functional attribute within the general
model may involve considerations of aspects of project development
that seem far removed from configuration, yet may have significant
effect. Type of ownership and its impact on building form is an
example of such a characteristic, within the economic function.

The bullding designed for lease is a clearly significant commercial
type and the design impaet of this ownership concept has been little
noted. A whole technology of interior building components has been
developed to mcet the requirements for easy space and service rear-
rangement: such elements as the demountable partition and inte-
grated ceiling. But the needs for this kind of space also have
direct configuration implications. One result is to provide
building plen forms -~ flcoors - that can he easily and effectively
subdivided geometrically (Figure X-3).
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Figure X-hk. A possible 200 year
structure: Loma Linda Veterans Admin-
istration Hospital, Loma Linda Cali-
fornia.

Figure ¥-5. Form of building is
detormined by solar access.

The other result is to establich a preference for frame structures
that minimize the extent of large fixed elements {such as shear or
braced walls)] in the bduilding interior that may inhibit the ability
to provide a future tenant with the space he wants. BSuch
structures have an obvious impact on the nature of the seismic
resistance systen.

As building costs escalate, buildings will tend to become more per-
manent because the economy cannot afford their replacement. At the
same time, the rate of occupancy change requires more rapid rear-
rangement of the building interior. The impact of improved
building standards in seismic areas is already resulting in
structures that will have a longer life - as support systems - than
any we have known previously in this country. The horizontal,
vertical and lateral structure for Loma Linda Hospital (described
in Chapter XITI} will probably have a useful life of arocund 200
years (Figure X-4). At the same time, it is unlikely that even the
general planning arrangement within the shell will be valid for
more than 40-50 years, and details of planning layout and service
systems that respond to medical technclogy will become outdated
within a decade,

The development of modern air-conditioning systems in the last
30-40 years has decreased the impact of climate on building form.
However, this era may now be ending and the thermal and daylighting
aspects of climate may once more have a significant impact on both
general and specific formal considerations. These impacts need not
be caused by vast arrays of sloped solar collectors: the changes
can be more subtle and related to such traditional design problems
of building orientation and the scientific evaluation of the pro-
portions of opague and insulated wall glazing. We may expect to
see the return of the varied facade, that presents a different
pattern of solid, void, projection, and recession according to
orientation, instead of the uniform facades to which we have become
accustoned.

Some of the zoning requirements discussed later in relation to
office Pbuilding design have thelr origin in climatic reguirements
for 1ight and air. We may expect to see a revival of these factors
as the question of solar rights, both for solar energy systems and
daylight, again assume importance (Figure X-5). The configuration
aspecltls of ihese may be of great significance. It would be a safe
generalization to say that the impact of all climate considerations
and confilguration will be to tend towards variety and non-uniformity
in facade treatment, and towards a re-evaluation of familiar
building forms.
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Figure X-6 The shape of the site
becomes the shape of the building.

Figure ¥=T. Zoning fregquently produces
other characteristic configuretions.

Figure ¥-8, The Flat Iron Building in
New York; a shape produced by a non-
gridiron street pattern.

Site geology is well recognized as a determinant of the nature of
ground motion. The interactions between site geology, earthquake
intensity and location, foundation design, and selsmic design are
discussed elsewhere in this study.

There are, however, aspects of the site that influence confignwsl

in ways that are unrelated to purely seismic considerations and !#»«i
may even be in confliet with such concerns. These are such charac-
teristics as those of gite geometry and location in relation to
urban design considerations, which are expressed specifically in
zoning requirements that mandate building setbacks, height limits,
floor area ratios and the like.

As building sites become smaller, site geometry becomes more
critical as a determinant of building shape. In the suburban
setting, there is a greater tendency for buildings - even large
buildings - to be free standing structures relatively uninfluenced
by site geometry. But in the urban situation, the reverse is true:
the shape of the site, as modified by setback reguirements, even
becomes the plan shape of the building (Figure ¥-6).

As land costs increase, city sites tend Yo become smaller, and
financial viability demands the maximum site usage - the largest
and the most floors that can be developed.

These pressures have resulted in zoning requirements that, to some
extent, run counter to real estate economics: in other words, that
attempt to limit site coverage, building height, or both. Regu-
lation is generally based on sesthebic grounds: the undesirability
from an urban design viewpeint of filling up city lots to unlimited
height and maximum coverage {(PFigure %-T7).

The typical geometry of the American city is based on a grid-iron
pattern that results in rectangular blocks and rectangular bhuilding
sites, whether they represent entire blocks or a portion of a block,
However, it is also characteristic of city planning that prominent
streets may cul diagonally across the grid-iron {as does Broadway
in New York City) or different portions of a grid-iron plan may
adjoin one another on a non-rectilinear basis, creating a diagonally
intersecting street where the two portions meet (as does Market
Street in San Franeisco). The result is a notable incidence of
triangular, or trapezoild shaped, building sites, resulting in
building of like form of which the "flat iron" building in New York
City is a well known example (Figure X-8).

While site geometry and zoning requirements may, to a varied extent,
influence the form of the building envelope, the detalled develop-
ment of the form is dominated by interior planning requirements.

The interior planning problem can be simply expressed: it is that
of arranging appropriate spaces - in size, shape, equipment and
quality - for the activities they support, and that of enabling
people and materials to move from one activity space to another.

For all the variety and complexitly of building plans, their solution
to the planning problem of horizontal movement rests on a choice
between, or combination of, two basic principies. These are to
move from one activity space directly to ancther, or to move from
activity space to circulation space - space dedicated to the
activity of movement - to another activity space. The details of
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Figure X-9. A proposed rallrcad car
design exhibits a wide variety of
planning methods.

Figure ¥-10. The race-track plan.
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Figure X-11. Alternative approaches for
dealing with the plamnming/structure
relationship.
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Figure X-12. The floor-to~floor height.

planning are familiar to designers. Horizontal planning uses space-
to-space planning, single loaded corridors, or double loaded
corridors. Figure ¥~9 shows an example of planning that incorpo-
rates all these planning methods.

=

Sometimes in the effort to reduce the circulation/activity space
ratio, buildings consist of combinations of double loaded corridor
space. This kind of planning is particularly characteristic of
buildings, such ag schools, laboratories, and hospitals, in which
efficiency and construction economy are of paramount concern. A
particular form of planning of this type was evolved for hospitals,
and is sometimes referred to as the 'race-track' plan. Many
offices, with an interior core of elevators, and other service
elements, alsc use this planning (Figure X-10).

The impact of vertical structure on these planning concepts may
take two forms. The siructure may define the planning concept, as
in the use of load htearing walls to define a cellular repetitive
grrangement of rooms for a hotel or apartment, Or, the structure
may be independent of the interior space division, as in the office
tuilding designed for tenant occupancy (Figure ¥-11).

The need for structure to respect safely requirements for clear and
direct circulation paths 1s paramount, and structural obstructions
which block public hallways are highly undesirable. While the
location of partition walls mey change to reflect changes of use,
eirculation routes will generally remain inviolate. TFor this
reason, the definition of circulatlion routes by structural elements,
which by their nature will remain fixed for the life of the
building, is a sound strategy.

RBuilding configuration is three-dimensional: Tbesides the allocation
of space horizontally, the planner is faced with a vertical
dimension and, in any building over one story in height, with verti-
cal movement. The height of the building is of seismic concern,

and ig determined by the number of floors and the floor-to-floor

{or floor to reof) height.

The number of floors results from the integration of a number of
variables such as site size, building cost, bullding area require-
ments, and floor area needs. The ceiling heights, or more
accurately, floor-to-floor heights (Figure X-12), are determined by
activity requiremcnts and eccnomy: the codc plays a major pari at
the low end of the cost spectrum by setting minimums for certain
activities.

Once a multistory design solution 1s postulated, two design deci-
sions beccme fundamental: the way in which floors are layered one
above the other, and the way in which vertical movcment botween
floors is arranged.
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The design of mezzanines, galleria and other such types of space,
tend to demand high ceilings, wide spans, cantilevers, bridges,
and other devices that often end up as sources of structural
discontinuity and unbalance.

The seismic significance of the stair lies in the faect that it is a
fixed element of the bullding structure, and it may represent a
point of localized stiffness, in which case it will receive a dis-
proporticnate share of the seismic forces. This is unfortunate
because it is also an essential element in the safety planning of
the building, and it is particularly necessary that stairs shoulgd
remain intaet in the event of fire or earthquake. A stair may also
create an interruption, or 'hole'! in a floor diaphragm, unless it
is designed as an attachment to the Tloor cutside the main
diaphragnm.

While we customarily think of elevators as shafts enclosed by walls,
in faet the design requirement for elevators is simply that of a
hole in the floor, and a consegquent diaphragm interruption. The
enclosing shaft walls may form part of the building vertical and/or
lateral structure, but there is no necessity for this, since the
elevator car is supported at the top and requires only guide rails
at its sides.

Within the range of rational determinants, there remains ample
scope for a wide variety of overall formal solutions. TYet, at any
given time, there is a strong tendency for some formal solutions
to be selected over others. These impulses - which are stylistic,
aesthetic concerns - are very powerful. They serve as driving
forces, and their presence gquickly resolves a number of variables
which, without these would teke far longer, or even be impossible,
to resolve.

An example of this kind of impulse was the world-wide formal drive
towards the simple, rectilinear form of the tall office building
between approximately 1950 and 1965. The roots of this drive can
be traced back to the influence of certain key figures in modern
architectural history: the drive is unmistakable, and it is sym-
bolic rather than economic, climatic or hehavicral. In fact, it
runs counter to climatic effectiveness.

The building as a rectilinear form represents the concept of the
building envelope conceived as a pure geometric element within which
functional elements - rooms, departments - are-incorporated but not
expressed. The opposite of this conception is the building
conceived as an gssembly of elements, each of which is expressed
formally.

This latter approach, of the building as a collection of elements,
is clearly a very strong impulse for many designers at present, and
the rectangular box is out of favor. Of course, many buildings
contain elements of both approaches, but it will be found that
aesthetically significant buildings tend to show a specific image
without compromise (Figure ¥-13).
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Figure X-13. Image without compromise.

In looking at the derivation of form then, we can identify two
determinants: those we may call, for want of a better term,
ratienal: and those we may call symbolic., The rational require-
ments of the building are accomplished within a symbolic form.

To paraphase a famous aphorism, we may say not that form follows
function, tut that functicn creates a need feor form, and it is ocur

stylistic impulses that provide it. In order to illustrate the
interaction of the various determinants that we have discussed, it
is useful to study building configuration as it is expressed in the
recent history of a familiar contemporary building type: the
office.

C. Office Building
Configuration
Development

Since its origin as a building type in the early nineteenth
century, we can identify four distinct phases in the development of
office building shape. Our survey is necessarily simplistic, and
at any polnt buildings can be found that do not represent these
dominant forms, cor which appear as combinations or transitional
building types as one phase is replaced by another. The cate-~
gorization of our four phases is based on issues that significantly
influence the three dimensional form of the building (Figure ¥-14).

The first phase of office building configuration lasted until the
early 1940's. During this period, which was also notable for the
rise of poth public and private bureaucracies, the building form
was dominated by the need for natural ventilation, and, even more
important, daylight. Although mechanical ventilation existed,
artificial cooling, in general, did not: ventilation was accom-—
plished by operable windows augmented, in hot summer locations, by
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10 40
i1 feet
0 20 80

Figure ¥-1k. The four phases of the

ion of office building design.
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-
air moving devices such as fans. Although electric lighting came
into general use in the early 20t%th century, the incandescent systems
were inefficient and introduced a great deal of heat. By 1940 the
first fluorescent lamps were coming intce use, but before that time,
daylighting was the major source of daytime lighting.

The result of these few determinants was that buildings were limited
in width, and planning was predominantly bhased on double-loaded
corridors. Since the office building was an urban Torm, the impact
of increasing land costs hegan to be felt very early. The develop-
ment of the elevator enabled buildings to be built much higher,

but the building had to remain narrow.

In order to ensure light and air in small urban sites, buildings
consisted of narrow multipie wings or introduced lightwells which,
on larger sites, might become courts. This kind of planning pre-
dates the modern office building by many centuries: it has heen
the traditional form of planning for all public and institutional
buildings on small sites, and was brought to a high degree of
functional and aesthetic refinement in the renaissance buildings
of FEurope.

In cities like New York, congestion caused the introduction of a
secondary configuraticn element that became characteristic: the
setback, which was mandated by building code in order to protect
the light and air in streets and between adjoining bulldings.

The second phase of configuration is the result of the interactions
of four basic influences, one economic, two technological, and one
aesthetic. The economic influence was the desire to pack an
increasing amcunt of rentable area intc a given site. In trying to
do this, the narrow wings of the traditional building limited the
area of site coverage, and introduced a number of inside and out-
side corners thal were less useful. Concurrent with this was the
owner's demands for larger spaces to accommodate new patterns of
office work, and the enormous increase in size of the corporate

and public bureaucracies.

The two technological influences were indusirial developments that
made 1t possible to build the kind of deep space that economics
demanded. One was the development of effective air-conditioning:
the other was the development of efficlent fluorescent lighting
that enabled effective, reasonably economie, illumination to be
provided far from the window. A secondary influence was the
expansion of the utility company as a business enterprise and its
desire Lo produce and sell energy.

The fourth influence was aesthetlic: and it is arguable that this
was The most important of all. The rise of the modern movement in
architecture, and the influences of the great Eurcpean masters,

Mies Van de Rohe and Le Corbusler, had stressed the aesthetic value
of simplicity in facade treatment and simple, pure, cubistic shapes.
By the 1940's, many good designers passionately felt that the un-
adorned rectilincar shape represented the only acceptable style for
the contemporary age, and after World War Two, such buildings began
to appear on drawing boards all over the world.

In the United States, two seminal designs were brought to frultion
by early 1250: the United Nations building and Lever Brothers
building, both in New York City (Figure ¥-15). These represented
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Tigure X-15. The U.N. Secretariat and
Lever House buildings in New York City.

Pigure ¥-16. The unlimited tower.

a new shape for the office building, that was to spread over every
city in the world. It 1s important to realize that in their time
they represented a perfect balance of aesthetic intent, techno-
logical development, economic need, and provided an easily repli-
cated model.

Two unintentional results of this configuration have proved tc be
of great importance to seismie design, and their origin is worth
tracing. The desire that the building should express the purest
kind of cubism meant that if the stepped shapes of the traditional
tall block were to he eliminated, the code that related to sctbacks
must be changed.

The strategy used = successfully - was t0 persuade code authorities
to accept in trade an open plaza area at ground level in exchange
for the right to allow the tower to rise, without setbacks, some—
times to heights limited only by the owner's needs and aspirations
(Figure X-16).

The open plaza, often created by setting the building on stilts,
with only vertical circulation or a glass enclosed lobby at the
ground floor, was itself a secondary dogma of the modern movement,
much promoted by Le Corbusier. The result of this strategy was

the presence, in scismic design terms, of the weak or "soft" first
floor, in which either the main structure of the building was not
brought down to foundation level, or in other ways, a scrious dis-
continuity of stiffness would be introduced at the second floor
level. At the same Time, the elimination of setbacks was a positive
result, in seismic terms.
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Figure X~1T7. Prismatic building forms
sheathed in reflective glass to
emphasize the purity of the form.

The second characteristic alsce involved a code change; the use of
the glass wall only became economic when the codes that reguired
a masonry or concrete spandrel wall (for fire protection) were
changed in the late 1940's. This opened the way for the full non-
structural curtain wall which, allied with flexible frame
structures, ralsed serious implications for non-structural damage
in medium and high-rise buildings.

The third phase of office design, which began around 1965, is pri-
marily an aesthetic reaction to the rectilinear cubism periocd. In
this phase, which is still in effect, the aesthetic desire for pure
geometry is still present but dramatic variations from the cube
begin to teke place. Most notable is the use of non-rectilinear
forms, in particular the 45° angle. TForms become prismatic; and
this effect is furthered by the development of types of reflective
glass that both improve thermal performance and also enable the
geometrical purity of the form to be expressed with far greater
abstraction than even in the curtain wall buildings of the 1950's
and 1960's (Figure X-17).

In the fourth phase, the building shape is modified by a concern for
energy conservation, and the realizastion that current building
shapes are intrinsically wasteful of energy. Nowhere is this more
true than in the area of lighting: +the fluorcscent-lit deep space
is intrinsically costly to operate, but in addition, the energy
required for lighting adds significantly to the cooling load. At
the same time, these technological and economic rescrvations are
accompanied by user irritation with the nature of the office
building - more particularly the character of the work space and its
use of larger areas of blandly 1lit and deccorated spaces. Some of
this irritation is against the bureaucracy itself: and to the
extent that the form of the building perfectly expresses the
bureaucracy, gquestions about one inevitably lead to questions about
the other.
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In phase four, which we are entering, we begin to gsee a return to
the fragmented, smaller scale forms of phase one. We see the
narrow building, suitable more for daylighting: we see courtyards,
lightwells, and skylights: and we see large building masses Dbegin
tc break down into small, meore humanly scaled units. 1t begins to
look as if the period of monumental geometrical forms is coming to
an end. At present, the large prismatic shapes of phase III re-
present the accepted style for the prestige office, and practi-
tioners of this style are in demand by the large corporations.

But there is a chance that the energy conserving, humane, non-
monumental envircnment is on its way.
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i 1113 i “A New Approach to Architectural
Referen es 1. Bill Hillier and Adrian Leaman, "A PP
c Research,”" RIBA Journal, December 1972, pp. 517-521.
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‘l-"’t’t’(’i‘(:ti"" Up to this point, we have not considered building occupancy type,
since it has been more appropriate to identify characteristics that

are significant for seismic design, and these characteristics may
apply to a number of occupancies., In addition, the design of a
building type may change significantly as new organizational
patterns develop: for example, the change in school design from

an incremental short span box structure to that of an adaptable
frame structure, capable of providing a variety of space types at
any given time, which was the result of new teaching concepts intro-
duced in the early sixties.

To the extent that building configuration is independent of
occupancy requirements, building type 1s immaterial: +the earth-
quake has no knowledge of, and is not affected by the activities
that are taking place in the bBuilding. However, from the designer's
viewpoint, it is worthwhile in swmmary form to identify seismic
design issues that result from common design solutions to charac-
teristic occupancies. This summary is intended as a schematice
presentation of these relationships, and to suggest a fruitful way
of relating architectural and seismice issues that is worthy of
further development.

Figure XI-1. Stanford University's ¢ld

Pavilion - hasketball pavilion to . s . . .
administrabive offices. In this chapter the emphasis is on characteristic - even

simplistic - 'prototype' design solutions: those which are
commonly repeated because they represent obvious and economical
solutions to the program reguirements. While we can identify many
'prototype! design sclutions for different occupancies ~ charac-
teristic configurations for offices, schools, hotels, ete. - we
must also receognize that occupancy sometimes ruuns counter to its
prototypical form, and indeed imaginatively conceived buildings
often do just this. Much of the evolution of desigh consists of
designing new prototypes. Moreover, the present trend towards
building re-use is resulting in surprising adaptations of use to
form, such as the successful adaptation of a basketball pavilion
to an administrative office {Pigure ¥I-1).

Earlier chapters have built up a long list of preferred configu-
ration approaches in respect cf the seismie problem. The designer
is not necessarily going to be able to adhere to all these
approaches: he must balance many other considerations besides
those of seismic risk, and at times the preferred seismic configu-
ration may be in opposition to the preferred programmatic configu-~
ration. When this occurs, the designer must perform his most
characteristic task: the balancing of alternatives, often based
on inadegquate information, projecting perhaps half a century into
the future, in order to create a single scluticn that represents
a sensible balance of all conflieting requirements.

What follows 1s a summary, classified under broad headings of
ruilding type, that identifies typical architectural charac-
teristics, relates them to the seismic design problem, and outlines
alternative solutions. This format serves both as a summary set
of guidelines based on the narrative of the study, and also
enables the designer to use building type as an entry into the set
. of guidelines: an early warning system of the major seilsmic

Precedlng page blank design issues that should hbe considered as the schematic stage of
design begins. Elementary though this warning system may be, it
highlights some common and recurring relaticnships between commeon
building type solutions and seismic design issues.
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B. Office, low-rise

commercial
institutional

il
ju|

cz~kﬁ_-*—“‘“““*=-—~_

Typical Architectural
Characteristics

Seismic Design Tmplications

Seismic Design Solutions

Great variety of configuration
alternatives.

Variety of appropriate selsmic
design approaches.

Shear walls, frames,
combinations

May require large unobstructed
space for open office layout,
or number of small offices, or
combination.

AN s

U](f#é? ! (&
o -

@ 4 e,

Office for single organization
will have specific planning
requirements, but general
adaptability is also required.

Offices for rental planned for
maximum adaptability.

Interior shear walls may be %too
obstructive. However, forces in
low-rise buildings (particularly
steel and wood) are fairly small
because of low mass, so extent
of bracing and shear walls not
great.

Careful location of any shear
walls or bracing so as not to
limit planning freedom.

[ 1]

Maximum perimeter exposure for
view and daylighting.

Large perimeter shear walls may
be difficult to cobtain.

Use of perimeter frame. How-
ever, use of isclated windows
may still enable use of perim-
eter shear walls, especially

in tilt-up concrete: continuous
window bands make frame
cssential.

Use of staircase access, with
limited elevator use for
handicapped and deliveries.

Stairs may introduce point of
localized stiffness and suffer
damage, making them unusable.

Careful design for antlicipated
Torces, or detach stair from
building structure.

[
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C. Office, medium
to high-rise
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commercial
institutional

Typical Architectural
Characteristics

Seismic Design Implications

Seigmic Design Solutions

Open perimeter, for daylighting
and view for perimeter offices.

Perimeter shear walls may be
impossible or limited.

Perimeter frame structure,
check for weak column, strong
beam.

Vertical circulation and
service cores, located to

suit building organization and
planning requirements.

/) |

7 )

Cores may be of suitable size
and lcocation to act as shear
wall or bracing elements, and
provide all or most of the
gselsmic resistance.

Cores may be unsuitable in size
{(eg. too narrow) or asymmet-
rically located so that they

will produce torsion if designed

as stiff element.

Cores must be located
symnetrically, and walls wide
enough to act as vertical
cantilever beams without risk
of high overturning forces.

IR
T

Investigate modification of
core location or size: if not
possible, do not use cores as
resistant elements.

High first floor, because
of occupancy (lobby, banking
floor, commercial).

'Soft story', may be significant
discontinuity of framing
stiffness at second floor.

|
1
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el e | S
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Eliminate discontinuity.

Open first flcor, by design
choice or mandated by urban
design or zoning requirements
for open plaza.

G.K. if no framing change. If
columns reduced in number or
shear walls stopped at upper
floor, will result in major
discontinuity.

Wever stop shear wall ahove
ground fleor. Keep other
discontinuities to minimum.
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D. Residential,
low-rise multi-family

( apartment building
notel

L T

7

mﬂ.
Ll

Typical Architectural
Characteristics

Seismic Design Implications

Seismic Design Soluticns

Cellular plan with permanent
fire/acoustic/enclosure
walls.

O

T
i

3L

)

Good opportunities for shear
walls.

Care to balance resistance in
all directions, and ensure
shear wallg not weakened by
excessive perforation by doors,
windows.

Complex configurations for
visual appeal and to maximize
exposure.

May introduce re-entrant corner
problems (if large building),
discontinuities o¢f framing or
shear walls.

el

In large building, separate into
simple shapes. In smaller
buildings, adjust configuration
to provide as many continucus
members as possible.

Open front at grade for
vehicular access.

Soft story. Variations in
perimeter strength and stiffness.

External buttress wall or brace.

oo opgoe

Internal shear wall near
front face, steel rigid frame
around open front end.
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E. Residential,
high-rise

I

apartment building
hotel
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Typical Architectural
Characteristics

Seismic Design Implications

Seismic Design Sclutions

Often re-entrant corner plan -
L or T shape - to ensure high
density and perimeter exposure.

Possible stress concentrations
at notch, and/or torsion.

Bubdivide by seismic Joints if
wings are long and large aspect
ratio.

. 1

I—

Often long narrow wings, with
double loaded corridor plan.

Possible use of interior cor-
ridor for shear wall.

L L f 1] ]

I

Check for openings, and ensure
sufficient length for each
shear wall.

Gocd acoustic separation
necessary at party walls, and
adaptability requirements
minimal.

Ideal to use party walls as
shear walls.

HEENEE
HEEREE

Check for loecation and
continuity, particularly
vertical. All shear walls must
continue to foundation. Use
corridor shear wall to balance
party wall resistance.

Open perimeter, but window
size can be limited. May be
balconles and breaks in wall
rlane.

May be difficult to provide
perimeter shear walls. Openings
for balconies and wall plane
breaks may result in discon-
tinuities and ineffective shear
wall design.

Perimeter shear wall may be
possible with careful opening
sizing and placement. Check
for adequate length and pro-
portion of shear walls.

End walls of narrow building
may be solid, or nearly so.

End walls may be useful as
shear walls.

Check shear wall proportion for
overturning and design of

links between coupled shear
walls.
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F. Residential,
high-rise
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convention hotel
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Typical Architectural
Characteristics

Seismic Desgign Implications

Seismic Design Solutions

see type 4 (high-rise residen-
tial) and add fellowing:

Large rooms‘(banquet, meeting
rooms) at lower level.

Need for wide spans and change
in framing. Vertical framing
to accommodate may result in
severe vertical framing dis-
continuities.

i
[

T
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I
44

Possible use of large transfer
frames or trusses, creating
spaces that may accommodate
mechanical equipment.

N/

Possible integral parking
structure at lower levels.

Change in framing (bay size)’to
accommodate vehicle parking
space requirements, resulting in
severe vertiecal discontinuities,
including discontinuous shear
walls or vertical setback.

Use of transfer frames or
trusses. Better if parking
structure built alongside
lower levels so that hotel
framing not impacted. Provide
adequate separation.
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G. Medical Facility,
low-rise

hospital
health elinie

Typical Architectural
Characteristics

Seismic Design Implications

Seismic Design Solutions

Great variety of configu-
rations.

Variety of appropriate seismic
design approaches.

Shear walls, frames,
combinations,

Predominately small rooms.
Often complex planning require-
ments, May be non-repetitive
plan from floor to floor.
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Possible diffieculty in
maintaining uniform framing,
shear wall location within each
floor and floor to floor. How-
ever, forces in low-rise
structure are fairly small
because of low mass, so extent
of bracing and shear walls not
great.

Moment resisting frame structure
ideal to provide maximum
adaptability of planning, but
check drift limits. Shear

walls must be centinucus and

manipulate plan to achieve this.

Facility function dependent
on egquipment and utilities.

Structural design to reduce
seismic effect on non-structural
components.

Design seismic protection for
equipment and utilities.

Design building for stiffuness
and low drift limits.

Careful detalling of eguipment
and utility relationship to
building structure. Check for
overturning.

Extreme seismic code citandards
(California) if provides
overnight care.

Rigereocus plan checking and site
inspection by state increases
cost and design time.

Serious consideration of
scismic issues from design
inception essential.
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H. Medical Facility,
medium to high-rise

SEISMIC DESIGN AND BUTLDING TYPE

hospital

+

Typical Architectural
Charascteristics

Seismic Design Implications

Selsmic Design Sclutions

Large variety of configuration
types, including re-entrant
corner forms.

- ]

Possibility of stress concen-
tration, torsion.

Subdivide Dby seismic joints.

Complex planning requirements:
much horizontal and vertical
movement ¢f people, materials
and equipment.

Limitations on placement of
shear wall and bracing; must be
related to circulation.

Careful planning relationships
between shear walls, bracing
and circulation.

!
%{ h
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Large elevators result in large
vertical circulation cores.

See high-rise offices, but
larger coreg increase shear
wall possibilities.

See high-rise offices.

Large e¢linical and disgnostic
areas need many small rooms,
verimeter location not
essential.,

LI 1
I T
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Generally large floor grea may
result in need for interior
shear walls, braces.

Care in locating shear walls,
braces to permit planning
funetion.

Hospital function very
dependent on equipment and
utilities.

Structural design to reduce
seismic effect on non-structural
components.

Design seismic proteciion for
equipment and utilities.

Design stiff structure to
limit drift, best done by
shear walls or frames. Inter-
stitial framing may be
beneficial in limiting story
drift.

Careful detailing of equip-
ment and utility relationship
to building structure. Check
for overturning.

BExtreme seismic code slandards
(californial.

Rigorous plan checking and site
inspection by state increases
cost and design time.

Serious consideration of
seismic issues from design
inception essential.
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I. Educational, low-rise

T

L
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i

\\\

RS |

]
school

community college

small college

university

e

Typical Architectural
Characteristics

Seismic Design Implications

Seismic Design Solutions

Mix of space sizes, with class-
room size (30 x 30+)
predominating,

S

Fairly wide spans, but since
forces are small (low mass),
often possible to locate all
shear walls or braces at
perimeter. In large structures,
interior shear walls or frames
nay he necessary.

Moment frame structure ideal
for large structures, but
shear walls and braced frames
may generally be located at
fixed areas, such as toilets,
with 1ittle planning or
flexibility impact.

Desire for adaptability.

Framing must accommodate
planning variaticens, or use of
a perimeter seismic solution
to keep lnterior open for
changes.

Check for framing continuity.
Locate braced frame or shear
wall on perimeter; make sure
they are continuous.

Great variety of overall
configurations: lofts, peds,
clusters, etc.

P

Veriety of appropriate seismic
design approaches.

Shear walls, frames,
combinations.

N

Non-uniform perimeter,
generally low need for
openings.

1

Provides many alternatives for
perimeter structure with few
limitations.

Ideal for perimeter shear

wall or braced frames, either
as entlre seismic resistance
(emall buildings) or in com-
bination with interior elements.

Buildings (particularly older)
may have long elevations, large
aspect ratioc.

Tt T 1 1 11
T T 111

Building stiff in transversc
direction, but flexible in
longitudinal direction, leading
tc possible guasi-rescnance.

Diaphragm spans a great
distance.

Balance rigidities: decrease
tuilding length, subdivide
building with seismic joints,
etc.

Add interior cress walls to
shorten diaphragm span.

T I 1
g i ]
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J. Educational,
high-rise

city school
large college
large university

Typical Architectural
Characteristics

Seismic Design Implications

Seismic Design Solutions

Mix of space sizes, with class-
room size (30 x 30%)
predominating.

Fairly wide spans.

Interior shear walls or frames
may be necessary, locate at
toilets, cores, etc.

Generally, variation in floor
to floor layout.

Possible diffieulty in main-
taining uniform framing, or
continuous shear wall from
floor to floor.

Check for framing continuity.
Shear walls must be contin-
uous: manipulate plan to
achieve this.

Non-uniform perimeter,
generally low need for
openings,

Provides many alternatives for
perimeter structure with few
limitations.

Jdeal for perimeter shear
walls or bracing.

Often large complex building
with intriecate planning that
reflects organization's
structure.

Results in complex configu-
rations, and consequent
framing complications, with
discontinuity.

Manipulate planning and
configurations to reduce dis-
continuities.

University buildings sometimes

place extreme emphasis on image.

May result in unusual configu-

rations,
1

¥

Check for discontinuities,
torsion, ete.
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]
z t+ Sstore
K. commerc’al’ r T department store
low-rise market

Typical Architectural
Characteristics

Seismic Design Implications

Seismic Design Solutions

Targe, minimally obstructed
interior space.

fairly wide spans limit use of
interiocr shear walls.

Use of frame: if interior
shear walls necessary, locate
around fixed elements such as
stairs, escalators, toilets,
ete.

Vertical circulation coften by
moving stair, elevators.
Periodic dense cccupancy.

Extreme importance for safety
to preserve structural integ-
rity of stairs. Stair may be
point of localized stiffness,
creating torsion, and be partic-
nlarly vulnerable to damage.

Careful relationship of stair
design to overall structure.
Structural separation of stair
from main structure may be
best.

Elevator core area generally
small relative to bullding
area.

Less possibility of torsion.
Core less likely to be useful
as shear element,

Perimeter shear walls, or use
frame system.

Perimeter generally solid,
oceasionally non-uniform
openings for display.

et L

o B

Pocssible econcmical use of
perimeter shear wall bhox.

Fnsure non-uniform openings do
not result in localized stress
concentration or weakness.

Smallcr stores on strect often
have open front, closed rear
or party walls.

Major variation in perimeter
strength and stiffness,
possible torsion.

Balance perimeter strength
and stiffness

Tend to be low in cost.

Tend to design tc cocde minimum.

Simple building to reduce
seismic design costs.




172

XI.

SEISMIC DESIGN AND BUILDING TIPE

L. Commercial,
single story

warehouse
shopping center

Typical Architectural
Characteristics

Beismic Design Implications

Seismic Design Solutions

Large, minimally obstructed
interior space.

Wide spans, roof loads only,
often low mass.

Use of frames with perimeter
shear walls, or bracing.

Variation in occupancy: low
occupancy in warehouses, high
oceupancy in shopping centers.

Increased seismic risk in
shopping centers,

Variation not recognized in
code; designer should use
Judgement.

Of'ten large plan area.

Build-up of large diaphragm
forces.

Check diaphragm forces: in
very large structures, sub-
divide by seismic joints.

Predominately closed perimeter,
with possible large openings for
display or access.

Perimeter may be suitable for
shear wall, provided building
not too large in plan. IT

large openings, may result in
perimeter strength and stiffness,
leading to torsion and/or
distortion.

If perimeder shear wall, check
forces at openings. If very
large building, or expansicn
anticipated, use frames.
Balance perimeter strength and
stiffness.

Use of skylights, atria, roof
monitors. Currently rare in
warehouses, use increasing in

shopping centers.

Y,

N2

May result in serious deni-
gration of diaphragm capacity
and create local stress concen-
trations.

Careful check of leocation and
size of dlaphragm openings.
Provide adequate collectors,
and if diaphragm ineffective,
substitute horizontsl bracing
systemn.

Tend to be low in cost.

Tend to design to code minimum.

Simple building to reduce
seismic design costs.
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M. Industrial,
single story

production
assembly

Typical Architectural
Characteristics

Seismic Design Implications

Seismic Design Solutions

Generally large, minimally
obstructed interior space.
May have high ceiling height,
and mezzanine areas.

Wide spans, often low mass.

Use of frames with perimeter
shear walls or bracing.
Building use may require moment
frame to aveid obstruetion by
interior shear walls or bracing.

May be very large (auto
assembly) in plan.

May build-up large diaphragm
forces.

Check diaphragm forces: in
very large structures, sub-
divide by seismic joints.

May have large roof loads, or
roof-hung moving loads.

1 e

A

4

May seriously affect dynamic
characteristics of vertical
structure if resulting loads
are large in proportion to
building size.

Careful check on effects of
different load conditions.

Closed perimeter, generally
uniform, except for lcading=-bay
areas,

Perimeter may be suitable for
shear wall, provided building
not too large in plan. If
large openings, may result in
variation in perimeter strength
and stiffness, leading to
torsion and/or distortion.

If perimeter shear wall, check
forces at openings. If very
large building, or expansion
anticipated, use frames.
Balance perimeter strength and
stiffness.

Roof generally unbroken except
for relatively small venti-
lators, smoke vents, etc.

Makes for good dlaphragm.

173
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N. Long-Span Roof

11
3
.

.

B

auditorium
stadium
large theater

9

Typical Architectural
Characteristics

Seismic Design Tmplications

Belsmic Design Solubions

Large unobstructed space, high
ceiling.

Very large roof diaphragm forces
to be transferred to perimeter.

Careful design of diaphragm
and diaphragm to perimeter
connection.

Qome uses (general purposes,
sports) reguire simple configu-

ration.
—
=

e

Ideal from selsmic design view-
point; both safety and economy
of design and construction.

Some uses {theaters) or
locations often require
asymmetrical forms.,

May result in configurations
liable to torsion or stress
councentrations.

Design asymmetrical space with-
in symmetric structural
configuraticn.

Perimeters generally closed
{for thermal and lighting
reasons), but good public
access needed.

Good for shear walls or bracing,
but need for access may inter-
fere with structural integrity.

Check for openings and dis-
continuities in shear walls.
Manipulate planning and
configuration to reduce dis-
continuities.

Large stadia have extensive
staircase and ramp access.

Important for safety to preserve
integrity of stairs.

Check for relationship to
main structure, and detach
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O. Fire Station, Vehicle
Maintenance

Typical Architectural
Characteristics

Beilsmic Design Implications

Seismic Design Solutions

Open elevation (doors for
vehicle access) often combined
with blank walls on other sides.

Variation in perimeter strength
and stiffness, with weak walls
with large openings.

Increased pessibility of torsion
and distorticn even if collapse
is avoided. Even small dis-
tortion may result in unusable
facility during critical period.

Balance perimeter strength and
stiffness.

Design strong framed opening
to minimize distortion and
allow minimal permanent
deformation.

Urban fire stations often
provide residential and office
space on second floor, avove
appliance floor.

DITTTITITT T I1]

May result in addition of mass
over soft first floor (wide span
with large openings produces
weak wall). Mass in wrong place
increases possibility of
torsion.

Replan to eliminate condition,
or if not feasible, keep
super-imposed mass as light as
possible, and check design
carefully.
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P. Library, medium
to high-rise with
integral book stacks

Typical Architectural
Characteristics

Seismic Design Implications

Seismic Design Solutlons

Great variety of configuration
glternatives.

Variety of appropriate seismic
design approaches.

Shear walls, frames,
combinations.

Great variety of spaces.
General need for large open
areas (reading) and stack areas
with low ceiling.

Moderate spans. Sometimes wide
discrepancies in room height
(stack, reading, lobbies,
galleries) may lead to framing
discontinuities.

Use of frames. Careful check
for framing continuity, and
manipulate plan if necessary.

Structural framing module
often set by stack regquirements.

fﬂ mim “lnI”PHT

Repetitive framing beneficial,
provided does not conflict with
framing at other levels result-
ing in discontinuity.

Careful check to eliminate
framing discontinuity.

Very high mass in stack areas.
Since book acquisition is
continual, locatlon of mass will
slowly change. Though design
may show symmetrical stack
location, leoading of stacks may
be asymmetrical.

Asymmetrical mass, particularly
if large and on upper floors,
may seriously affect dynamic
characteristics of building:
and produce large torsional
Torces.

Careful analysis and simulation
of dynamic conditions over
building life.

Open stack layout.

Reztricts use of interior shear
walls or bracing.

Moment resistant frame, or
sufficient bracing around
perimeter.

Perimeter requirements: open
in reading areas, closed in
stack areas.

May result in variations in
perimeter strength and stiff-
ness, leading to stress concen-
trations and torsion.

Careful check to halance
perimecter resistance system.
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A. Introduction

Just as structural design is an integral element of the overall
building design process, seismic design is an integral element of
structural design, and should not be regarded as a separate proc-
ess. Models of the design process always tend to suggest a se~
guential set of activities that does notl truly represent the way
in which design is done. In theory, we need a formal process in
which the interactions of &ll the elements can be considered con-
currently. This does not lend itself to an inteliigible model,
but in fact the designer approximates this condition by very rapid
recycling of information and concepts, and by freguent shifts of

emphasis and solution.

Because the designer habitually works with information which is
uncertain and often ambiguous, it is possible for him to manipulate

and modify information very quiekly.

In this the designer's

method varies greatly from the kind of linear process exemplified
by a computer program in which each piece of information is pre-

cisely defined and unambiguous.

The concern here is with real world building design processes. TFor
this reason, neo attempt is made here to present a sophisticated
model. Instead, a set of issues relating to seismic design is out-
lined for each of the conventional phases of building design, that
are appropriate for review between the architect and engineer.

This set, in turn, is related to a broad list of the structural
decisions that would normally bhe expected for each phasge,

B. Program

issues for review

structural decisions

Preceding page blank

Architect should review program requirements and his initial design
ideas briefly with engincer to ensure that no needless conflicts
will later arise because of programmatic or design assumptions or

constraints.

tuilding size

site cherscteristics

intericr planning requirements

fire standards
budget

seismic code

gross area
floor ares

. probable number of floors

geology

zoning restrictions:
plan area
height limit

. orientation

foundation characteristics

types of spaces:
large
small
circulation requirements:
vertical
horizontal
special planning requirements

code construction type options

. general level of gquality

determination of applicable
code
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C. Schematic Design

issues for review

structural decisions

Architect should review with engineer Dbefore beginning schematic
design, or very early in the process, as soon as possible configu-
rations begin to appear. Complex plans or significant configuration
issues should be brought to engineer's attention at earliest
possible point sc that the degree of their effect can be assessed.

shape

. size

. number of floors

. significant configuration
problens

. floor to floor heights; vari-
ations

configuration

vertical circulation . stairs
. elevators

cores:

size
location

h.v.a.c. . general type
distribution pattern
. required space for duets

code regquirements
cladding

materials

horizontal framing

vertical framing

lateral systems:
moment resisting frames
shear walls
braced frames

perimeter regquirements

special sesthetiec requirements

general structural strategles

During this phase, the architect and structural engineer should
confer frequently, particularly on the issues of general structural
strategies, vertical circulation, configuration, and their
interrelationships.

D. Preliminary Design/
Design Development

issues for review

This is perhaps the typical phase at which major engineering input
is obtained, and yet the opportunity to avoid major seismic prob-
lems is largely present only in the earlier stages. The detailed
design gives the engineer the necessary data to pursue an analysis,
and on the basis of thie, the design is revised to take into ac-
count membper sizes or even more basic aspects of the structure.
Detailed analysis may be regquired at earlier stages for complicated
or unusual designs if the usual approximations cannol be applied.
architectural systems exterior cladding

interior partitions
ceilings

depressions in floor slabs
vertical trangsportation

preliminary dectails
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mechanical, electrical, . hov.a.c. and utilities dis-
plumbing systems design tribution systems
prelim. duct sizes and locations
openings in flocrs, walls,
beams, girders
. equipment locations:
roof
floors
basement
. vertical shafts
lighting

structural decisions structural system design . bay size
horizontal framing:
materials
foundation requirements
. vertical/lateral framing
. shear wall/braced frame
locations

preliminary structural analysis . preliminary member sizing
. preliminary seismic details

‘E-‘:‘)”t’fi(:t While it is obvious that the architect will want to know the
engineering decisions - exact column dimensions, separation joint
Documents detailing, etc. - the engineer also needs to know what the archi-

tect is deing. If it has been assumed that partitions will carry
no lateral lcad and will not be deformed by frame deflections, the
architectural detailing must allow for this. The engineer should
review the seismic aspects of non-structural features designed by
others - anchorage of ceilings and shelves, heavy equipment
location, exterior cladding, ete.

issues for review architectural systems: . interior partitions
final details . exterior cladding
ceilings
vertical shafts
stairways

. floor slab depressions

mechanical, electrical, . responsibility for seismic
plumbing systems: safety
final deteils . duct size and locations

piping size and locations
size, weight, location of all
major equipment

all required penetrations of
floors, roofs, walls, shafts,
beams

lighting systems

structural decisions ' structural design: . member sizes, locations
final details . connection details

final structural analysis . reviey of shop drawings
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F. Construction

issues for review

The standard practice of requiring the design engineer to also
supervise construction to ensure conformance with his drawings and
gspecs needs no change, but it is valid to have the engineer and
archibtect review other relevant features as well, such as ceiling
attachments, exterior cladding, partition supports, and seismic
Jjoint details.

conformance to drawings and . construction quality, workman-
specs ship

G. Operation

Not normally included in the usual professional services contract,
consultation to make the building more efficient after construction
is now becoming more common. From the selsmic viewpoint, any
changes resulting in alteration of original framing, including the
addition of stiff non-structural walls, or new holes in existing
walls, may be significant. Moving, or addition of heavy equipment,
particularly in upper floors or non-symmetric location, may also

be significant and the engineer should be consulted.
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A. Introduction

This chapter presents a description of the seismie design process,
with particular reference to configuration issues, for two
buildings with particularly stringent seismic reguirements.

The 500 bed Veterans Administration Hospital in Lome Linda, Cali-
fornia opened in September 1977. Since it was desighed as a re-~
placement facility for the V.A. Hospital lost in the 1971 San
Fernando earthquake, and since demographic considerations neces-
sitated that it be in an area of extremely high seismicity, the
building represents an interesting case study in careful seismic
design.

The project was remarkable in the extent to which the configuration
of & large and complex building was influenced by seismic design
concerns. At the same time, the project provides a lesson in
showing that early recognition of seismic design determinants by
the whole design team, and a serious interdisciplinary approach
from the inception of design, can enable requirements both of
seismic design and hospital planning and economy to be achieved
with equal effectiveness.

The Imperial Hotel, Tokyc, Japan, designed by Frank Iloyd Wright
in the early 1920's, presents a startling contrast. For this
large building, standing on very poor ground in a known highly
selsmic area, the architect assumed full responsibility for an
innovative seismic design concept which was diametrically opposed
to the conventional wisdom of the day. A myth of infallibility
has grown up around this design, which was tested in the great
Tokyo earthquake of 1923, The facts are a little different from
the myth, and the most innovative feafures of fthe design, widely
publicized by the architect, were probably the least effective.
But the building obeyed many of the configuration rules that have
been discussed in these pages, and the bullding's good performance
can be attrivuted primarily to that fortunate situation.

B. Veterans
Administration
Hospital, Loma Linda,
California

Preceding page blank

The San Rernardine Valley is seismically very active and the final
site selected for the new hospital had 11 known active faults
within a 65 mile radius, including the San Jacinto fault and two
segments of the San Andreas fault.

The potentially active Loma Linda fault was believed to be located
in close proximity to the site, and after intensive studies it was
cencluded that the most likely location of the fault was 200 to 400
feet south-west of the site, that surface rupture in the site was
not likely, and that soil amplification was not of significance.

The consultants recommended that design earthquakes should be con-
sidered of magnitude 8+ and duration of 35-L0 seconds on the San
Andreas fault, and megnitude 6.5-7.25 and duration 20 seconds on
the San Jacinto fault, at distances from the site of 7 and 1.25
miles respectively. The building should be designed for a peak
accelergtion of 0.5g. Essential or potentislly damaging non-
structural components should be designed for an acceleration of
2.0g. Response spectra were calculated at the surface for struc-
tural damping of 5% and 10% of critical, which showed that the
peaks of the response spectira occurred at 0.3 sec. for the San

Jacinte fault and 0.8 sec. for the San Andreas fault.
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Figure XIII-1. The large, park-like,
site plan of Loma Linda Veterans Admin-
istration liospital.

For the low horizontal configuration considered likely for Loma
Linda, the San Jacinto spectrum was used because its peak approxi-
mately coincided with the probable building period. It was not
considered reasonable to assume that the building pericd could
lengthen to the peak of the San Andreas spectrum.

Some of the design force determinants which were evaluated are
dependent on a building configuration concept. Prime consider-
ations of building configuration were as follows:

1. BSite geometry. The large 40 acre site enabled the consider-
ation of a free standing building unconstrained by site geometry.
The site area was sufficient to allow considerstion of a relatively
low, horizontally planned building.

2. Programmatic. Research studies on hospital organization and
planning, performed by the architects prior to the Loma Linda pro-
ject, had established some general benefits of horizontal planning-
defined as plans in which elinical and diagnostic areas are placed
on the same floor as nursing areas rather than being concentrated
into a base structure with a vertical connection to the bed re-
lating functions.

The advantages related generally to the transportaticn issue, which
was being separately studied by the architeets during the schematic
design phase of Loma Linda hospital under a separate contract from
the V.A. Ezxperience in vertically planned V.A. hospitals had
indicated some problems in ensuring adequate circulation, since the
concentration of vertical circulation into a single tower tended to
result in over or under-capacity depending on the time of the day.
There were also indications of a general preference by staff for
horizontal movement over vertical, and an indication that a re-
duction of vertical circulation for severely i1l patients -~ pre

and post operational, for example - would also be desirable.

3. AResthetic. The design of hospitals tends to be dominated by
the solution of very complex planning, service and equipment prob-
lems, and appearance tends to be a secondary concern. The city

of Loma Linda was anxious that the setting of the hospital should
be 'park like': in response to this desire, and to the generally
small scale of the immediate site surroundings, the image of a low,
non-assertive building, placed towards the center of the site,
scemed appropriate. The bullding, because of its nearly 700,000
gross square feet would be very large, but its relatively low
height and the large size of the site would help to reduce the
community impact of the building {Figure ¥III-1).

L. Building System. TIoma Iinda Hospital was intended as a demon-
stration of the Veterans Administration Hospital Bullding System,
which had been develcped over a period of several years by the
same consultant team responsible for the hospital design. The
building system consisted of a carefully conceived set of design
conceplts intended to rationalize and organize the preliminary
hospital design.

Structural aspects of the system were: a moderate span, simple
post and beam, shallow Tloor framing system; large floor-to-floor
heights; and lateral force resistance clements concentrated

in the service tower at the end of each service module, a

number of which form each floor of the bullding. The possibility
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of the use of the system in the extreme seismic conditions
encountered at TLoma Tinda had not been anticipated, but this
approach enabled the severe regquirements to be successfully
accommodated. -

Planning and aesthetic requirements pointed towards a low, deep
plan building, which coincided well with a low, stiff seismic
design that would minimize story drift and consequent architee-
tural, mechanical, electrical and contents damage, and loss of
operational capability. In addition, the low stiff building would
have a shorter period and a possibly lower response from the pro-
jected response spectra peaks of 0.3 sec. and 0.8 sec. from the
two nearby faults. The only way of moving the building response
well away from the ground response, would be to develop a flexible
high rise structure that would be undesirable from all the other
view points considered.

The above requirements were specifically defined by the structural
engineers as a preferred design of not more than four stories,
symmetrical on twe plan axes and in section. Any complex con-
figuration should be subdivided so that, if possible, each com-
ponent met the above regquirements. Accordingly, the architects
studied in some detail a number of schemes using multiple and
single buildings of 3, 4, and 5 stories, using full basement, half
basement, and no basement (Figure XITI-2).. Symmetry, shear wall
availability, separation Jjoint requirements, and continuity of
vertical stiffnesses were considered in evaluating seismic
resigtance.

Figure XIII-2, Preliminary alternative M1 solutilons which used hasements produced vertical stiffness
schenatic designs studled by the archl-  gjgeontinuity at the first floor level. Multi-building solutions
: required many connecting bridges to preserve reasonable ecirculation,
which in turn would require many seismic jolnts.

The chosen configuration was the simplest of all those studied: it
took the form of a simple Dblock, almost square in plan with no
basement, and a symmetrical pattern of four courtyards within the
bloek. The courtyards were relatively small. The plan has an

even distribution of shear walls throughout, which run uninter-
rupted from roof to foundation and have direct continuity in plan
with the framing members {Figure XIII-3 thru 5).
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Figure XIII-3. Section through court-
yards, showing shear walls at end.

Figure XIII-4. Typical structural
framing plan.

Pigure XIII-5. Third floor plan, showing
circulation pattern.
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Figure XII1I-6. Entrance elevation.

The planning and circulation of the building were carefully
related to shear wall layout to achieve minimum shear wall pene-
tration with clearly defined, highly accessible public and depart-
mental planping. The final result 1is remarkably uncompromised on
voth courts. The eight service towers {four at each end) provide
a location for major shear walls (Figure XTII-6). TEach tower
provides two shear walls in the east-west direction, and one in the
north~south direction. The ladter wall is an interior wall and 1is
penetrated by large ducts and other horizontal services. However,
these openings are repetitive and carefully controlled, and the
use of a interior wall enables these shear walls to remain con-
tinuous with the perimeter framing of the building which would not
be the case if the end walls of the tower had been used

(Figure ¥III-T).

The general lateral resisting system uses concrete shear walls and
a ductile moment resisting "back-up" frame. The stiff primary
shear wall system is designed for a high force level so that the
structure will tend {0 have low lateral deflections Tor the design
earthquakes described above. The calculated maximum story-to-story

Figure XIII-7. Careful penetration of . . N ;
Shi; Wﬂlsuiﬂ]opaﬁﬂgsfor lateral deflection was approximately 0.004H, well within presently

corridors and service ducts, accepted desirable ranges for hospitals.

The chances of the back-up frame being forced to work to its full
capacity were considered small, but in view of the size and im-
portance of the facility, and the uncertainties of estimating the
nature of ground motion, the possibility could not be ignored.
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Figure XITI-8. Detail of typical
struetural framing.

A detail of the basic structural framing is shown in Figure XIII-8.
Three steel girders, placed at 40'-6" o.c., run longitudinally
spanning the 22'-6" column spacing. Steel beams, composite with
the steel deck and concrete floor, span transversely at 11L'-3" o.c.
The 221-6" ¥ L0'-6" column spacing is consistent throughout, except
for 54L'-0" spans at the inside courts.

Sixteen bays, each 22'-6" X 40'.6", and a service tower make up a
service module. There are a total of eight service modules
per level,

Shear walls are always placed at the perimeter of service modules
to minimize planning interferences. Interior girders are dropped
below the beams to minimize interference with plumbing service
running across the givrders, between the beams, and to allow beam
continuity across the module. As a result of the service organi-
zation, a8ll beams and girders are free of penetration. These
framing characteristics are all features of the systems design that
were worked out in the earliier research study.

The shear walls were all designed as "infill" walls that simply
enclose portions of the overall steel framing pattern. The advan-
tages of this arrangement are:

1. There are always beams or girders parallel and on line with the
walls to serve as lateral force collectors.

2. The continuation of these members through the wall allows
direct transfer of forces from the diaphragm to the wall.

3. The columns at the end of walls form the required ductile
flange members for wall bending.

L, Frame members are in the correct position to provide vertical
support for shear wall dead load.

Thickness of walls varied from a minimum of 12" to a maximum of 24".
The steel frame weight was 16.51b/sq.ft.
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C. The Imperial Hotel,
Tokyo

Figure XITI-9. Aerial view of the
Imperial Hotel, Tokyo, in the 1960's,
prior to demclition to make way for
new high-rise hotel on the same site.

In the short history of seismic design, one building stands alone in
capturing the imagination of architectural historians and jour-
nalists, largely as a result of a theatrical piece of good fortune
brilliantly exploited by the building's creator. The Imperial Hotel
in Tokyo (Figure XIII-9) designed by Frank Lloyd Wright, was opened
in July 1923. Foremost in the publicity attending the evolution of
the project, was the innovative seismic design, devised by the
architect, in direct contradiction to prevalent engineering prin-
ciples. In September of that year, Kanto province was hit by one of
the greatest earthquskes in history, and the Imperial Hotel stood
firm and undamaged, alone amid desclation, a triumphant vindication
ol its designer's genius. This was the myth, carefully nurtured by
Wright: the faets are somewhat different.
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Figure ¥XIII-10. View of Imperial Hotel
following the 1923 earthquake, showing
an insurance firm's brick building
beyond as well.

The design of the Imperial Hotel was a remarkable episode in the
history of seismic design, not least for the mythology that has
grown up around the story. An extraordinary degree of respon-
sibility was assumed by the architect in the seismic design, respon-
5ibility that would be unthinkable in teoday's climate of 1iability
and lawsulits. Paradoxically, the aspects of seismic work that are
part of the mythology emphasized by its creator, were the least
effective. Yet, the building nevertheless performed well, for
rezsons which were traditional rather than innovative, Of these
reasons, the excellence of the configuration was the most
significant.

In 1916, when Wright began designing the Imperial Hotel, seismic
design was in its infancy. Wright attempted to devise a basic
seismic design rationale, based on his understanding of the earth-
quake phenomenon, and to derive specific design ideas from his
basic assumpbions. This in itself was innovative, especilally so
since Wright was an architect not an engineer.

Wright took total responsibility for the design. There was a
Japanese structural engineer for the project, Julius Hoto, who
executed a structural design based on the Chicago building code.
Hoto discovered later that Wright had tzken all of his calculations
for t?e)reinforced concrete members and then personally adjusted
them {1).

"He tells me now that, in building, my computations were dis-
regarded and thet much lighter sections were everywhere sub-
stituted, making in effect a design which eliminated all the
strength usually provided for the live loads. In this conumection,
the writer would like to comment that this reduetion was entirely
logical... Many engineers agree that the live load requirements
of cur building codes are too severe..."

Much confusicon about the performance of the Imperial Hotel stems
from the fact that Wright, with a strangely modern understanding of
the media, personally managed the release of information on his
projects, and often for the sake of publicity and effect, would make
statements that were dramatic, witty, but off the top of his head

as to their technical accuracy.
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Figure XIII-11. Tokyo Railrcad Station -
according to contemporary reports,
"undamaged. "

What happened to the Hotel? One factual source 1s the insurance
underwriter's reports on the damage. Underwriters divided all
buildings in Tokyo into five categories of damage, ranging from
Number 1, undamaged, to 5, total damage. The Imperial Hotel was
rated Category 2, a small amount of damage (Figure XTII-10). As
Bradshaw points cut (2): ™a respectable position in which to be;
however, many buildings, including some of Tokyc's largest, were
in Category Wo. 1 (Pigure ¥III-11)."

The Imperial Hotel had scme cracked corridor walls, the dining
room floor bulged and required cutting or shimming concrete
columns to re-level it, and fans, kitchen equipment, lights, and
other non-structural elements were damaged. Piping and wiring,
which hung free in shafts or was laid lcoosely in concrete trenches
beneath the building, apparently performed well. This separaticn
of non-structural components was quite precocicus for its time.
The central portion of the building subsided about two feet and sub-
sequently sank about cne third of an inch per year. When the
puilding was demolished in 1968, the rear part of the central
section had sunk three feet-eight inches.

Baron Okura, the prime backer of the development, immediately sent
a wire to Wright saying (3):

HOTEL STANDS UNDAMAGED AS MONUMENT OF YOUR GENIUS. HUNDREDS OF
HOMELESS PROVIDED BY PERFECTLY MAINTAINED SERVICE.
CONGRATULATIONS, OKURA

As TFarr notes {L):

"The publication of this messege in the newspapers was the start of
the widely bhelieved and printed myth that the Tmperial Hotel was
the only building in Tokyo to withstand the earthgquake. This how-
ever, was far from the truth."

For example, three large structures designed by Dr. Tachu Naito,
one of which was 100 feet tall {the height limit at the time)}, were
virtually undamaged. Naito was a leading figure in seismic design,
advocating 'stiff' structures, and the concepts introduced by him
and other Japanese engineers are still influential today.

Nevertheless, the performance of the building was certainly accept-
able. An important aspect of the performance lay in the con-
struction of the exterior hearing walls. The walls were composed
of an exterior wythe of solid bricks, an interior wythe of holloyw
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SHOWING DOUBLE SHELL
CONSTRUCTION
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Figure XIII-12, Method of wall construc-
tion. Note that this sketch omits
steel reinforcing.

SHOWING CONCRLIE
PiNS UNDER WALLS MUD

Figure XIII-13. Foundation construction
technique.

patterned bricks, and a solidly filled cavity of conerete. Because
of some statement by Wright, there is some confusion as to whether
the walls were reinforced, but it seems probable that, in fact,
they were, and that Wright either for dramatic effect or from
ignorance {writing meny years after the design and construction)
confused the issue (Figure XIII-12).

Wright's own publicity placed more emphasis on the foundation
system that he devised, a combination of short piles and spread
footings (Figure XIII-13). Full discussion of this feature is not
relevant here, but it may be noted that sinece there was a soft
eight-foot layer of water-saturated surface soil underlain by at
least seventy-five feet of alluvium, it is likely that the under-
lying mud, rather than being "a mereiful provision - a good
cushion," probably amplified the ground motion. At the same time,
it probably filtered ocut the short periocd component and transmitted
g long period metion to the surface. Since the puilding had a
short period, quasi-resonance of structure and soil was minimized.
This was not part of Wright's expressed strategy, but must be
assumed to be a part of the explangtion for the way the bullding
performed.

Probably the most important seismic design factor in the hotel was
its division into small component units, changing a complex plan
with many re-entrant corners into a set of small rigid boxes, each
about 35'x50' in plan. VWright's explanation is, however, more
dramatic than analytical, Wright wrote that (5):

"We solved the problem of the menace of the gquake by concluding
that rigidity couldn't be the answer, and that flexibility and
resiliency must be the answer. ...Why fight the quake? Why not
sympathize with it and outwit it?"

However, by these comments Wright did not envision, as we would
today, some kind of flexible, ductile frame. Wright's method of
creating a {6):

"flexible structure instesd of a foolish rigid one" was to

"divide the building into parts. Where the parts were necessarily
more than sixty feet long, joint these parts, clear through floors,
walls, footings, and all, and manage the joints in the design."

The simple rectangularity and symmetricality of the component units
of the building were undoubtedly helpful in both avoiding undue
torsion and in egualizing the disturbance of lateral and vertiecal
loads (Figure XITT-1h).

Whet is immediately apparent today 1s thal Wright used seismic
separation joints in a very thorough manner. He seems to have done
this out of consideration for the differentisl displacements that
would be caused by a surface wave traversing the site, undulating
beneath his long building, rather than out of concern for incom-
patible vibration movements within, and at the intersection points,
of the long wings.

The component units of the building were extremely rigid, not
"flexible" and their performance fully vindicated Naito. Their
fundamental period was probvably less than 1/4 second. The shear
walls of the perimeter, along with the rigid diaphragms, and per-
haps with some rigidity added by the interior colwuns, created a



XIXI. CASE STUDIES OF SEISMIC DESIGN 195

very stiff box. The numerous longitudinal and transverse parti-
tions must have further stiffened the structure.
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Figure XIII-1k4, Ground floor plan of

the Imperial Hotel, Tokye. None of the
published floor plans show the locatien
of seismic joints descrived in the text:
dashed lines have Dbeen suggested by the
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Figure XIII-15. Exterior wall and roof
construction.

The hotel units, besides being small and rigid, disposed their
masses vertically in a very favorable manner (7).

"The outer walls were spread wide, thick and heavy at the hase,
growing thinner and lighter toward the top. Whereas Tokyo buildings
were all top-heavy, the center of gravity was kept low against the
swinging quake movements and the wall slopes were made an aesthetic
feature of the design.”

The walls were perforated with small windows in the first two
stories while more abundant openings were put in the third story.
By lightening the mass as the elevation above grade ilncreased, this
facade design alsc effectively disposed more material in the lower
stories, where forces are greater {(Figure XIII-15). The height/
depth ratio was approximately one. Since the Imperial Hotel's
fenestration and massing is recognizadly related to Wright's
earlier mid-western works, it would be unwise Lo assert that the
Imperial Hotel's aesthetic form was purely a functional adaptation
to the structural problems of designing a building in & seismic
region, but the result was effective nonetheless.

Wright's use of light weight copper sheet rather than the tradi-
tional Japanese tile lightened the roof by a factor of ahout ten,
and further lowered the center of gravity and reduced the pericd
of the structure.

We must coneclude that Wright's heroic effort to change the course
of seismic design failed, for his concepts had 1itile influence in
Japan or elsewhere. His building performed well, but his most
innovative idea - of foundation design - was probably insignificant
in affecting the amount of ground shaking imparted to the buiiding
and created major settlement problems. His emotional plea for
flexibility in fact concealed a design concept that used rigidity
as well as its most staunch advocates could wish, and hidden also
is the fact that the building was ahead of its time in the use of
seismic separation joints to provide "flexibility." The construc-
tion and the massing of the bullding employed traditional concepts
that are perennially effective. Cool analysis of Wright's rhetoric
must not dimish his achievement, for the Imperial Hotel remains as
a memorial of design courage that must be unique to our century.
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A. Introduction: the
Historical Precedents
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To the designer, the recitation of problem configurations that has
occupied much of this study may appear as overwhelmingly con-
straining. Does conscientious attention to the guidelines ex-
pressed here mean that the seismically economical and safe strue-
ture must be visually symmetrical, uniform, regular, repetitive
and bland?

We would argue to the contrary: that if the precepis of good
seismic design are applied not with superficial adherence to rules
tut with understanding and imagination, then there are oppor-
tunities for design expression that have yet to be realized. It
seems reascnable that buildings built in heavy seismic areas might
lock somewhat different from those built elsewhere; and that this
difference in appearance far from being the whimsical straining
for attention that mars so much contemporary design, might have its
roots in the kind of discipline that can be found in all the great
historic works of architecture. To the extent that good seismic
design extols simplicity, no good designer need be worried, for
simplicity need not imply boredom. Indeed, it is easy to forget
the fundamental simplicity of structure of ocur most enduring
architectural masterpieces,

Although most architectural styles and traditions, and civiliza-
tions itself, have developed in seismic areas (Mesopotamia, China,
Mediterranean, Indus Valley), it is not possible to identify
consciocusly understood and expressed seismic design principles that
distinguish the architecture of these areas from that of non-
seismic regions. The analytical approach to seismic design is a
twentieth century phenomenon, and in historic times earthquakes
were regarded as events too mischievous and random to be subject to
design control. But the structural basis for design is undeniable:
cne can encapsulate much of the history of architecture, until the
late 19th century, as the struggle to create suitable spaces under
the constraint of materials that were only effective against com-
pressive forces. As structures became taller and more delicate,
the designer's response to the nature of the lateral forces of wind
and bueckling created an analogy for seismic design and, in fact,
the familiar wonder of gothic architecture is based largely on

this response,

Before speculating on the imagery of seismic design for the future,
it is instructive to investigate a few familiar historic monuments
from a structural viewpoint, in particular with respect to the
problem of traditional lateral forces. In some cases - at Santa
Sophia for example - resistance to earthquakes has formed part of
architectural history. In this we may find it remarkable that so
many vulnerable monuments have survived, lacking, as they do, the
tensile materials of steel and reinforced concrete that will
strengthen and tie the joints of the building together, and having
been designed prior to the advent of virtuaslly all of the analytical
and quantitative basics of earthquake design. The answer is in the
configuration, in the use of simple, generally symmetrical shapes,
that reduce the earthguake loads, and the intuitive use of com-
pressive materials in such a way that tensile, shear, and over-
turning forces are further reduced. In historic structures, con~
figuration is almost the only available tool of seismic design.
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B. The Perfect
Configuration:
the Parthenon
of Athens

Figure XIV-1. Section and plen, the
Parthenon.

The Parthenon has stood for 24 centuries in an area of moderate
seismicity. Its plan is symmetrical about both axes. It has a
dense perimeter colonnade enclosing almost completely solid shear
walls, within which are more columns. A great deal of material is
brought down to the ground, a feature which was facilitated by the
lack of desire and ability to create a large clear-spanned interior
space, Like other examples of pre-Roman architecture, the building
needed to have only a small hollow area inside to fulfill its
requirements (Figure XIV-1).

The changes that would be made to this design to increase its
earthquake resistance were it built in its generie form today,
would involve changes of material (changing the unreinforced stone
walls into homogeneous shear walls; using a stronger, stiffer roof
diaphragm; and changing the stone columns into an earthqueke resis-
tant material), an alternative structural system (to transform the
post and beam peristyle into a rigid frame), and hetter structural
detalls (connections between walls and roof, anchorage of any
appendages, etc.). However, the configuration - where the resis-
tant elements are rather than what they are - is admirably well-
suited for earthgquake forces. If one yished to build a building

of this size out of blocks of marble without the aid of modern
egrthquake resistant practices, the Parthenon's configuration could
scarcely be bettered. It has been suggested that wooden ring beams
in the Palace of Knossos In Crete had a seismic function, but there
seems little evidence to assert that earthquakes had any major
influence on Greek, or pre-HEellenic architecture,

In comparing Egyptian temples with those of Greece, Rowland
Mainstone has noted that while unfinished temples without any walls
have stood for centuries (1),

"... in all completed [Greek] temples the walls were also present,
and when favorably aligned they probably made a larger contribution
to the stability of the whole in the event (more likely than in
Egypt) of earthquakes... Primarily perhaps as an added safeguard
in the event of earthquakes, the individual blocks were further
extensively tied together by iron cramps.”

Greek architecture generally did not develop internally generated
lateral forces due to arching thrusts, while Roman architecture
did so extensively.
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C.A Roman
Superdome:
the Pantheon
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Figure XIV-2. Bection and plan, the
Pantheon.

Since the grand scale of Roman interior spaces is one of the charac-
teristics which differentiates Roman from Greek classical archi-
tecture, 1t 1s instructive to study the Pantheon: at one hundred
and forty three feet, the largest span building of antiquity, and

a record for the world which it maintained for the seventeen
centuries following its construction.

The configuration of the Pantheon is simple to an extreme, con-
sisting of a cylindrical drum with a large span dome, to the front
of which is added an entrance-forming rectangular portico

(Pigure XIV-2).

Though historically notable for its height and span, the tremendous
mass of the Pantheon is also a prominent structural feature.

Unlike the strategic point-for-point buttressing of lateral thrusts
in some Gothic buildings, the Pantheon's walls resist the thrust
through sheer mass. Although it is true that mass is generally a
seismic liability, extremely thick masonry walls can be more stable
than this truism might lead one tc believe. The vertical gravity
force of the Pantheon's mass is so great, relative to any laterzl
forces, that the entire structure is kept firmly in compression at
all times.

This strategy represents a simple form of the prestressing in which
today we induce very high compressive forces (by use of a highly
stressed tensile component) which has the effect of greatly
diminishing the tensile forces in that member.

Friction, which is typically neglected in the design of structures
today, is significant in such a massive masonry structure. Friction
between the large surface areas of masonry elements provides the
connections which would today be made with positive mechanical
fastenings, and though one would not wish to count on friection %o
provide reliable connecting force values, it is part of the
explanaticn for the stability and strength of massive, well built,
unreinforeced masonry buildings.

The dome is completely solid except for the oculus at the top, and
the walls are punctured by only the one monumental doorway,

Coffers and hollow spaces are uniformly distributed around the
building. This solidity provides unbroken stress paths for lateral
forces. Though the walls are built of unreinforced concrete,
brick, and stone, and hence can sustain only small shear stresses,
thelr tremendous horizontal cross-sectional areas make up for the
deficiencies of the material properties.
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D. The Seismic
Survivor: Santa
Sophia, Istanbul
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Figure XIV-3. Plan of Santa Sophia.

From the standpoint of huilding configuration and seismic design,
Santa Sophia is one of the most Interesting buildings to analyze
because in large part, it can be considered as a large scale and
skillful attempt to handle the problem of lateral forces.

The designers, Anthemios and Isodorus, arranged the building's
configuration to efficiently handle the horizontal forces created
by the domes and arches, rather than to deal with the horizontal
forces created by earth shaking, but the simplicity, symmetricality
and mass disposition for dealing with wvertical loads proved also

to be effective in dealing with horizontal forces (Figure XTV-3).

The lateral thrust problem induced by the large span shallow dome
of Santa Sophia is handled quite directly by the structure's con-.
figuration. Pendentives bring the dome's circular plan down to a
sguare drum, and convert the uvuniform outward thrust in all direc-
tions into forces at the corners. Huge bubtresses take the thrust
at the two sides, and half domes lean against the two ends

(Figure XiV-4). The volume and mass of the building spreads out
toward the bage, efficlently distributing lateral and vertical
resistance.

The half domes on the east and west provide a continuous line of
reactions for the central dome, and they in turn have smaller half
domes at their bases, but on the two buttressed sides, the thrust
forces must be carried sideways by the north and south pendentive
arches to reach the reactions provided by the bubtresses. The
pendentive arch is widened on these two sides - prominently pro-
truding on the exterior - so thait the masonry can act like an arch
or arch-beam on its side. The buttresses proved to be undersized -
a gquantitative error that could not be foreseen in that era - and
their outward deformations allowed a portion of the dome to collapse
during repairs following an earthquake.

Of all the great architectural monuments, Santa Sophia has perhaps
endured the most seismic activity. Although the bullding's con-
figuration is good, the structure has experienced partial collapse
due to lateral forces induced by gravity (arching thrusts), as well
as earthquake. These failures can be attributed to inadequate
member sizes, material properties, and connections, however, rather
than configurational weaknesses. It is interesting to note the
configuration changes which were made in response to the damage
caused by the frequent earthquakes in Constantinople (2).

In 558A.D. an earthguake damaged the eastern portion of the church.
Paul the Silentiary recorded at the time that the top of the
eastern semi-dome and part of the central dome collapsed. Perhaps
one of the smaller semi-domes abutting the east semi-dome collapsed
as well. ©Since the central dome is ribbed, each rib springing

from between each of the forty windows at the dome's base, it

would have been possible for only a portion to fall. The damaged
central dome was dismantled and re-constructed 20-25 feet higher.
The spherical shape was kept, and hence this taller dome wonld have
been similar to, but more stable than, the original, since the
shallower the dome, the greater the thrust. Material was added to
the upper part of the buttresses on the north and south.
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DOME  PRODUCES LATERAL
FORCES N ALL DIRECTIONS, BORN
BY 4 PENDENTIVES.

Figure XIV-4. Analysis of lateral force-
resistant system of Santa Sophia.

During the reign of Basil T in the ninth century, extensive repairs
were megde, and in an earthquake in 975 A.D., the western semi-dome
and its pendentive arch were geverely dameged and partially
collapsed.

Thirty-six earthquakes have been recorded at Istanbul between
366A.D. and 1894, In a major earthquake in 1346 the eastern pen-
dentive arch, the dome on one side of it and a portion of the
semi-dome on the other side, all collapsed, in a recurrence of the
558A.D. event. An iron tie was placed around the dome's cir-
cumference in 1847.

In spite of this formidable seismic history, this huge unreinforced
masonry structure still survives to amaze us with its sense of
structural mystery.

—
~ Y
PENDENTIVES RE~CHANNEL FORCES  LONGITUDINAL LATERAL FORCES

INTO RARCHES, ALONG TWO RESISTED BY HALF DOMES,
PERPENDICULAR AXES. TRANSVERSE THRUSTS BY
BUFTRESSES.
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E. The Expression
of Lateral Resistance:
the Gothic Cathedral
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Figure XIV-5. Section through buttress,
and plan of Chartres Cathedral.
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Figure XIV-6. A variety of expression
in flying buttress construction.

e
Medieval cathedrals have long been noted for their structural
expression. The bold and clear sense of structure in a Gothic
cathedral is cited as one of the key characteristics that dis-
tinguishes Gothic architecture from the more "static" image of
classical architecture. Gothic buildings were impressively tall.
Although the tower of Beauvais Cathedral stood only four years
before collapsing, it was the first structure to break the 500 foot
barrier. Strasbourg's more stable tower reached 466 feet, which
was only exceeded at that time by the Pyramid of Khufu {originally
482 feet tall). The contrast between the laborious structural
concept of the pyramid and the daring creativity underlying the
design and construction of Gothic spires and vaults emphasizes one
of the reasons, apart from mere statistical records, why we think
of "structure" when we mention "Gothic."™ The other main reason for
this identification is perhaps the pervasive structural-aesthetic
interplay which is more obvious in Gothic architecture than in
other traditions.

Though both Gothic and classical buildings rely on mass to make
their unreinforced masonry structures hold together, Gothic
buildings display an effort to significantly reduce the mags
employed by using such rationalizing techniques as buttresses,
planacles, and more efficiently shaped arches.

The most characteristic structural image of the Gothic cathedral,
is that of lightening of the wall, achieved by turning it at right
angles to form butiresses. Chartres Cathedral is chosen to
illustrate the characteristic features of a Gothic Cathedral
(Figure XIV-5). This is a direct response to o sense of lateral
forces, both wind loads due to the steep gable roof and arching
thrusts, and the flying buttress, which relies as much on depth -
by increasing the effective width of the structure against over-
turning - as on mass, in a remarkable instance of the refined
development of a structural concept {Figures XIV-6, 7).

The butiresses of the Gothic cathedral are at once straightforward
structural solutions as well as successful and evocative archi-
tectural forms, and it is somewhat surprising to note the magnitude
of the aesthetic change which occurred when the formerly rather
"clean™, exterior shell had pronounced articulated buttresses

added to it, to handle lateral arching thrusts.

PALMA ELY RHEIMS WESTMINSTER
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Figure ¥IV-7. Lateral force-resisting
role of the pinnacle in Gothic archi- COMPRESSIVE PRE-~ STRE SSING
tecture. (Not all pinnacles wers PROVIDED BY TENDON, IN MODERN, COMPRESSIVE PRE-STRESSING
necessary to stabilize buttresses, and CANTILEVER BEAM. PROVIDED BY GOTHIC PINNRCLE.

some were added during nineteenth

century renovations.) ANALOGY
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F. The Wooden
Structures of Japan

Historic Japanese design and construction has developed along lines
quite different from that of the large masonry structures of the
west. The typical structure consists of a wooden frame, with deep
overhanging eaves to protect the wood structure from decay.

Contrary to legend, traditional Japanese temples and castles have
suffered considerable earthquake damage and loss, and architectural
history is replete with comments on rebuilding and repair. For
example, the Hokoji was a hall erected in Kyoto in 1589 to enshrine
a colossal Buddha. The building was destroyed by an earthquake in
1596, rebuilt in 1614, and destroyed by another earthquake in 1662,
The earlier earthguake of 1596 also damaged the Fushimi Castle at
Shigatsu, causing it to be rebuilt on a different site {3).

For these buildings, the immense and heavy tile roof was a major
culprit, providing a heavy mass towards the top of the building.
Thig problem persists today in the light wood frame house with its
tile roof. However, the traditional residential structure can
withstand large deformations before collapse. In tesis on a full-
scale, single story wooden model carried out at Tokyo University
in 1939, the model did not collapse until the deflection of
vertical-resisting elements due to lateral loads reached up to
17.5 centimeters per meter of height of the elements, or almost

2 feet in a 10 foot high structure.

However, the wooden pagods, generally part of a temple complex,
represents an especially interesting case, for there has been no
reported instance of serious damage to these structures. The three
and five storied pagodas in Kyoto, shown in Figure XIV-8, are
typical, dating from the 14th and 15th century.

Glen Berg has commented on these structures (4.

"Pagodas are relatively flexible structures, having natural periods
in the range of 1 to 1.5 seconds, considerably longer than the
periods of most other structures in Japan and longer than the
dominant period of ground motion in Japanese earthquakes. Wooden
structures are relatively light in weilght and hence incur smaller
inertia forces than some other types of structures. But their
remarkable ability to withstand earthquakes must be attributed
largely to their structural damping, for any deformation of g
pagoda is accompanied by the friction of timber sliding on timbver
and wood on wood in the contact surfaces of timber joints."

Cne theory for the unusual resistance of pagodas, is hased on the
peculiarity of their construction, which uses a central column
independent of the surrounding structural frames, suspended like a
pendulum from the top of the pagoda. This teclnigue was developed
in the 17th century in order to eliminate the difference between
the small shrinkage of the central column in its longitudinal
direction, in comparison to the large shrinkage of the surrounding
girders and beams across thelr grains. This construction is seen
in the five story pagoda of TPigure XIV-8. However, there are many
examples of pagodas in which the central column stands directly

on the ground or is supported by a girder at the second floor, as
in the three story pagoda of Figure ¥IV-8. Consequently, one
cannot infer that the good earthqueke performance of pagodas is
entirely due to the pendulum-like central column.
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Figure XIV-8. The S5-story Horyu-ji
Temple at Nara and the 3-story Sammyo-ji

Temple at Toyokawa-shi, Aichi. ~aﬁ_f”j ",,I‘

Prof. Tanabashi of Kyoto University (5) summarized a set of reasons
for the good performance of the pagoda in terms that closely
resemble those of Glen Berg. He has suggested four features of

the pagoda:

1. The natural pericd of the pagoda is very loug (1 to 1.5
seconds) compared with other traditional structures, and generally
considerably longer than the ground period.

2. Pagodas have sufficient strength to withstand considerable
lateral forces.

3. Pagodas can suffer large deformations before failure.
L. Pagodas provide a large amount of structural damping.
These four characteristics, as Prof. Tanabashi comments, represent
something of an ideal set for earthquake resistance. The material

and the design allows a strategy analogous to that of the ductile
frame building of today.
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G. Symmetry: the
Hangars of Nervi
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Figure XIV-9. 1936 Italian Air Force
hangaxr designed by Nervi.

Figure XIV-10. 1939 hangar was based on
the re-design of earlier hangar by
Nervi.

The great Italian architect/engineer Pier Iuigil Nervi seldom con-
tended with the problems of seismic design, buf he exploited the
aesthetic delight in rationalized structure to a degree un-
paralleled in the twentlieth century. Eis structural design was
always remarkable for its simplicity and regularity, and he
achieved the greatest beauty of form from the imaginative expres-
sion of struetural forces, always within a realistic context of
construction economics. As one example of Wervi's metheds, his
analysis of the virtues of symmetry is instructive,

The hangars built by Wervi's construction firm for the Italian Air
Force in 1936 were asymmetric due to the requirement to be able to
move planes in and out through one side. Closely spaced column-
buitresses were distributed around the other three sides

(Figure XIV-9).

The indeterminancy of the structure made physical model testing
necessary, but Nervi's initial stetic analysis, using intuitive
gssumptions where required, proved to be substantially correct.
The design-and-build bhid was made on the basis of Nervi's simpli-
fied analysis and further refined when his firm was awarded the
contract.

In 1939 a competition was held for similarly sized hangars, with
similar programmatic requirements., On the basis of his experience
with the earlier hangars, Nervi concluded that three improvements
should be made: the roof should be lightened by the addition of
beams or purlins; the arch ribs themselves should he lightened by
using pre-cast trusses rather than solid members; and the third
point, having to do only with the configuraticn itself, was to
make the arrangement of supports symmetrical in order to equalize
the stresses within the structure (Figure XTV-10).

Although it might seem that one would take advantage of every
possible point of support in the design of a long span roof,
Nervi's improved 1939 design eliminated most of the columns of the
earlier scheme - rather than 40 supports only six were used, but
the six supports were located to produce complete symmetry. This
simplified design (6),

"less complicated than the previous one, was restudied and cal-
culated using simplifying hypotheses which allowed me to achieve
more accurate results than those of 1936. These results were
checked by means of model analysis at the Laboratory of the Poly-
technic Tnstitute of Milan. The two methods gave comparable
results.” '
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H. Seismic Imagery of
the Present and Future

In view of the interest in structural expression in twentieth
century architecture, it is surprising that this movement largely
confined itself to the expression of vertical forces. Examples of
the expression of wind and earthquake bracing are infrequent.

There are probably two main reasons for this. One i1s that in the
last few decades, architects have tended towards formal conceptions
that were sculptural in origin rather than structural, and the

help of the engineer was invoked to make their forms schievable,
rather than architect and engineer working together in concert from
the beginning to generate solutions.

The other reason is ignorance: while the architect often had some
concept of the nature of vertical forces and of the characteristic
expression of resistance to gravity, his knowledge of seismic
forces tended to be very limited. In this circumstance he tended,
agalin, to rely on his engineer to make his building forms possible
rather than to enjcy the exploration of the explicit illustration
of seismie resistance. Consulting engineers tend to be limited in
proposing structural solutions with strong aesthetic content and
generally efface their own aesthetic preferences in faver of their
employer architect.

This attitude would seem to result in aesthetic loss. There is
the loss occasioned by the universalization of forms that appear
in the same guise across the country, even across the world.
However dramatic the individual forms, the repetition of their
idioms, unrelated to national culture, topography, climate, or
geology, results in true blandness.

There is the leoss resulting from the lack of a firm basis upon
which to build a sense of form, the kind of basis that the con~
straints of load bearing masonry provided, and the forms of wall,
buttress and arch that resulted from understanding of the material
and an imaginative response to its limitations, All great art

and artists thrive on limitations: no one is more disciplined than
the truly great creator, whether a Michelangelo, Shakespeare, or
Einstein. As our economies become strained, and we begin to sense
the finite nature of our resources, we must acquire a new respect
for the limits of our materials and methods and, just as the
masters of the past, turn these to our assthetic advantage.

As mentioned above, contemporary examples are few in which the
design response to selsmic forces is used as a source of imagery.
Some examples are shown feollowing, together with some examples in
which design for the other common lateral forece ~ wind - is also
made explicit. These examples are shown not to suggest that all
answers have been explored, but to indicate the possibility of

an exploration that might yield rich benefits in the aesthetic
cpportunity created by the problem of seismic design.
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Figure XIV-1l. Exposed braced frame.
Alcos BPuilding, San Francisco, Cali-
fornia. Skidmore, Owings & Merrill,
architects.

Figure XIV-12. Exposed braced frame.
Ozkland-Alameda County Coliseum Complex,
Oakland, California. Skidmore, Owings
& Merrill, architects.
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Figure XIV-13. Inset checkerboard
bracing, and braced, open, first floor.
Physics and Engineering Building,
Waseda University School of Science &
Engineering, Tokyo, Japan. Katsuo Ando
and his staff, architects.
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Figure XIV-lk, Exposed bracing to the
core. Mitsui Bullding, Tokyc, Japan.

Figure XIV-1l5. Braced transition from
first floor to tower, and tapering

elevation. Transamerica Building, San

Franciseco, California. William Pereira,

architect.



Figure XIV-16, Shear wall diminishes
with height. Tandy Center building,
Fort Worth, Texas. The lateral forces-
whether wind loads or seismic-which
must be transmitted by a shear wall,
increase towards the building base.
This simple and economical office build-
ing is a rare example of shear wall
design that reflects this: the design
also increases the available window
area. Crowald Architeects.
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Figure XIV-1T7. Braced first floor.
Tokyo International Trading Center,
Tokyo, Japan. Masachika Murata, archi-
tect & associates.

Figure XIV-18. Braced first floor.
Office building, Sunnyvale, Califcrnia.

Figure XIV-19. Braced light steel frame.
5CSD prototype building. Stanford
University, California. BSD, Inc.,
architects,
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Figure XIV-20. External buttresses.
Diablo Canyon Nuclear Power Plant, San
Luis Obispo, California. PGEE.

Figure XIV-21, External buttresses at
corners, Foothill College, Los Altos,
California. Kump Asscciates, archi-
tects.
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Figure XIV-22. External buttresses
handle all lateral forces. Qak Grove
liigh School, San Jose, California.
Allan Walter, architect.

Figure XIV-23. External buttress pro-
vides lateral resistance at garage
opening. Zelver House project, Santa
Cruz, California. Chris Arnold, archi-
tect.
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Figure XIV-2L. Exposed selsmic trusses,
water-filled for fire protection. Los
Angeles Harbor Department Administrative
Office Facility, Los Angeles, Califor-
nia. John Carl Warnecke & Associates,
architects.

Figure XIV-25. BExposed seismic trusses.
Wind Tunnel Structure, Ames Research
Lavoratory, NASA, Mountain View, Cali-
fornia.
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Figure XIV-26. Exterior seismic braeing,
part of 1955 original design, on longi-
tudinal wall of gymnasium., Hillsdale
High School, San Mateo, California.

Reid & Tarics Asscciabes, architects.

Figure XIV-2T7. Seismic rehabilitation of
long, narrow, concrete office building:
cross bracing provides longitudinal
lateral resistance. United States Geo-
logical Survey, Menlo Park, California.
Richard (. Marshall, architects.
Forell/Elsesser Engineers, Inc.
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In addressing the architect this study has had three main objec—
tives: to provide the interested designer with a basis for under-
standing the problems and nature of seismic design; to emphasize
and make clear the role that architectural configuration plays in
determining the seismic resistance of a building; and to identify
and explain the main selsmic problems created by characteristic
configuration soluticns and provide some conceptual methods by
which these problems may be reduced or awvecided. A graphic summary
of these problems and solutions appears at the end of this chapter.

In i%s limited intentions this study has introduced a set of prob-
lems in & conceptual way: the aim is to open up an area of
investigation, rather than close it down. The justification for
this lies in the general agreement on the importance of the con-
figuration issue, combined with the general lack of systematic
analysis and exposition of its effects on seismic behavior and its
relationship to other issues such as materials and construction
quality.

We have stressed that selsmic design is a shared architeetural and
engineering responsibility. It is shared in the physical relation-
ships between architectural forms and structural resistant systems,
and ideally an understanding of these relationships would he present
in the mind of any designer working in a seismic area. Unfor-
tunately our methods of education and practice have tended to
diminish the opportunity for such understanding to become in-
grained, as it should, in the designer's way of thinking, for we
separate our architects and engineers in their educatlion and, for
the most part, in their practice. In fact, some architects, by
intuition and thinking pattern, do have an excellent sense of
structure, but they are rare, and such fortunate understanding
tends to be in spite of education and practice rather than because
of them.

Indeed, our conditions of practice are such that, for all but small
structures, it is virtually impossible for the architect also to
assume a structural design role. The combined role of architect
and iconoclastic engincer that Frank Lloyd Wright played in the
design of the Imperial Hotel would be unthinkable today: even if
the building officials permitted it, 1liability issues might daunt
even so bold a spirit as Wright. Similarly, a few englneers appear
to have an excellent sense of the integration asct that is the
essence of architecture, but most engineers are content to practice
their specialized trade, employed by the architect, with the role
of advisor but seldom the authority to ensure that thelr advice is
followed.

The interrelationships between issues of form and issues of seismic
engineering demand thet architect and engineer work together from
the inception of a concept 1o ensure that these relationships are
given full respect. The idea of the engineer participating in
early design concepts is nelther new nor controversial, yet it
often does not happen. There are three main reasons. The first is

Preceding page blank
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due to the business climate in which the architect works, which
often means that the economics of a job will tend towards reduction
in early design costs until the future of the project is assured,
by which time the important aspects of the design concept may be
determined. The second reason, sbtemming perhaps from traditional
design education - training for a role as 'master designer' -
combined with a designer's temperament, is that the architect may
feel that the engineer's advice is not necessary to help him with
his conception. The third reason is that by virture of the
engineer's training and his own tendencies to focus on specific
material solutions rather than alternative general concepts, his
advice may, in fact, be of little use to the architect.

So the issue is not only that of the two professionals coming
together at design inception, but alsc that of their being able to
communicate within a common conceptual framework using a shared
language. This leads to a fourth major objective of this study;
the attempt to sketch such a framework. One of our traditional
problems of communication has been -~ and continues to be - that
designers tend to think visually and express themselves in sketches

~ that are almost a visual shorthand, whereas engineers like the

precise but abstract language of mathematies, and their visual
language is that of curves and algebraic formulae. Because these
two languages are almost completely incompatible, this study,
leaning towards the mode of the designers, reverts to the shared
language of English, and the use of a varlety of graphic and photo-
graphic devices which it is hoped will prove effective. It is not
to be expected that this study will at once transform the level of
understanding of whoever reads it: but at least a document now
exists where previously there was only a veoid.

To this time the Information from which the principles of con-
figuration-tased building behavior have been derived has been almost
entirely empirical: knowledge has come from the observed behavior
in earthquakes of buildings with specific formal characteristics.
From the architect's viewpoint the analytical and experimental

work of research engineers has been directed at structural
abstractions that are grossly simplified models of the buildings
that he designs. The kinds of formal irregularities discussed here
are rarely part of sophisticated analysis. The need for simplicity
in analytical models is understood: the number of variables that
can be studied is limited and the design of real buildings seems
too whimsical and haphazard a process to justify extensive analyt-
ical work on real configurations. And s0 the analysts bring bhack
ever more precise data about the kind of simple building concepts
that represent a minute percentage of the buildings that architects
will design. In reducing design to the kind of abstract form that
responds to analysis and from which general coneclusions will be
reached, the analysts eliminate almost all those characteristics
that the architect uses to make a functioning building.
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One objective for the future, then, is that analysis and experi-
mentation begin to look at, and devise the techmiques for,
buildings as they arc bullt rather than simplifying them to sult
the current constraints of computer or shaking table. This
involves the development of much more complex models, in which not
only are common irregularities of configuration introduced, but
also all those 'non-structural' elements that convert & building
from a structural frame to a usable entity. To do this, the archi-
tect must be brought into the research arena to contribute his
knowledge of the nature of buildings, and to enable a further and
exciting interdisciplinary research effort to develop. The other
objective must be that the research provides useful knowledge that
can be translated into guidelines, suggestions and even codes and
regulations that ensure design solutions that respect and balance
the full range of architectural, engineering, and material influ-
ences on seismic hazard.
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PROBLEM CONFIGURATION

A. PROBLEMS IN LEXTREME
EXTREME HEIGHT - DEPTH RATID
DIMENSIONS

e, I-E

-A D I-LEEM |2 EXTREME ;
PLAN AREA
W-ANDIL-E |3 EXTREME
ELEVATION LENGTH- DEPTH RATIO
(ASPECT RATIO)
< L
d

B. PROBLEMS OF . SIMPLE . PLAN CONFIGURATION .
HORIZONTAL a.variations in perimeter strength-stiffness
LAYOUT %
LA '
I
x-fI-B b. false symmetry
i ¢ 2. RE-ENTRANT CORNERS ;:\ ;
X-FX-P 3. MASS ECCENTRICITIES §

Figure XV-1l. Graphic summary of configu-
ration problems and solutions.
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ARCHITECTURAL STATEMENT

STRUCTURAL PROBLEM
STATEMENT

SOLUTION

function of planning or
constricted site

common in warehouses, industrial
buildings, shopping centers

common in older scheools, multi-~
story residential

high overturning forces, large
drift causing non-structural
damage

build-up of large diaphragm
forces

build-up of large lateral forces
in perimeter:

big difference in resistance of
two axes

revise proportion or speclal
structural system

subdivide bullding by seismic
Joints

subdivide building by seismic
Joints

often result of program:
fire station, store front.
for blank walls on corner

e.g.
need

program reguirements, relating
vertical circulation tc use
spaces

program requirements for narrow
wings, e.g. residential,
hospital, and tight urban site.
common in older buildings, pre
alr-conditioning and fluorescent
lighting

programmatic requirements: book
stacks in libraries, special
equipment, elevated swimming

pools

torsion caused by extreme
variation in strength and
stiffness

torsion caused by stiff
asymmetric core

torsion, and stress
concentration at the notches

torsion, stress
concentrations

add frames and discconnect walls,
or use frames and lightweight
walls

disconnect core, or use frame
with non-struecturzl core walls

separate walls
uniform box
center box

architectural
relief

P T

reprogram, or add resistance
around mass to balance
resistance and mass
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ARCHITECTURAL STATEMENT

STRUCTURAL PROBLEM
STATEMENT

SOLUTION

vertical setbacks result of
program or site: inverted set-
back almest always an image re-
quirement (fashion)

programmatic: mneed for open
first floor plazas or large
spaces at any floor: often
image requirement (fashion)

programmatic: need for variety
of spaces and celling heights:
often image requirements

result of program: planning
restricts use of shear walls on
entrance floor, or image
"rloating cube"

common in buildings with large
window areas - schools,
hospitals, offices - wide span
beams, deep spandrels

programmatic: reguirement for

high window: common as remodel,
sometimes by building management
(may be interior condition also)

stress concentration at notch,
different periods for different
parts of building, high
diaphragm forces to transfer at
setback

causes abrupt change of
stiffness at point of dis-
continuity

causes abrupt change of
stiffness, much higher forces
in stiffer cclumns

results in discontinuities in
load path and stress concen=
tration for most heavily loaded
elements

column failure occurs before
beam, short column must try and
accommodate story height
displacement

most serious when masonry in-
£i1l modifies structural
concept.

creation of short, stiff columns
results in stress concentration

speclal structural systems,
careful dynamic analysis

A
il
b

add bracing
add columng

braced

redesigh struectural system to
balance stiffnesses

NO
add full walls to reduce column
forces, or detach spandrels
from columns, or use light
weight curtain wall with frame

detach in-fill, or use light-
welght materials
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ARCHITECTURAL STATEMENT

STRUCTURAL PROBLEM
STATEMENT

SOLUTION

may be different parts of same
puilding (setback) or buildings
on adjacent sites

pessibllity of pounding
dependent on building period,
height, drift, distance

ensure adequate separation,
assuming opposing building
vibration

common expression for end of
double-loaded corridor plan

requirement for windows, doors,
holes for ducts

walls and ‘links

seriously degrade capacity at
point of maximum force transfer

incompatible deformgtion between.

design

with weak link.

adequate link

o

or repairable system

careful design, adequate space
for reinforecing design for
non-linear behavior

need for vertical cireulation,
light wells, skylights

planning almost always requires
vertical circulation at ‘'hinge!
of re-entrant corner plans

see setbacks

seriously degrade diaphragm
capacity

weakens diaphragm at most
critical locaticn

diaphragm at setback must
transfer full tower loads

unless careful design for
non-linear behavior

unless careful design for
non-linear behavior

careful design, recognizing
diaphragm problem
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Figure 1. The concept of simple and
complex.

Preceding page blank

This appendix forms a grammar of configuration. It is extremely
selective in that the classification is judgmentally based on a
combingtion of pure geometry, selsmic significance, and building
use, i.e. configurations which because of their usefulness con-
stantly reoccur in practice. Through the combination of these
three characteristics it becomes possible to reduce the display of
a mathematically infinite numper of configurations to a fairly
small quantity, and to establicgh a basis for definition without the
necesgity for illustrating every basic shape and its variations.
If desired, it would be easy to move from these definitions intoc
appropriate forms of computer generation.

The basis for this classification system is provided by the geomet-
rical concepts of convexity and concavity, PFigure 1. By using
these concepts in relation to building plan and building elevation
(or section), a useful distinetion is at once made between
buildings of simple shape, and those of complex shape involving
re-entrant corners or curves, in both plan and elevation.

CONVEX (SIMPLE) CONCAVE (COMPLEX)
|

convex: 1t is impossible Lo conmect any two concave: +%wo points within the figure can be
points within the figure by a line which passes connected by a line which passes across the
across the figure's boundary Tigure's boundary

convex = simple concave = complex

{to avoid optical connotation) (to aveid optical connotation)

SIMPLE tian shapas COMPLEX plan shapes

N DN
S (2
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S e
Figure 2 shows examples of shapes defined separately as simple and
complex in plan, and simple and complex in elevation. The shapes
shown have been selected as representative of those common in
building design: in this diagram the geometrical shapes at once
become recognizable as buildings.

PLANS

SIMPLE COMPLEX

2 J
Sl
DI Y,

ELEVATIONS

SIMPLE COMPLEX

> R

Dlli=
IR
||

il

.
[y

Figure 2. Simple and complex shapes in
plan and elevation,
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Figure 3. The matrix composed of the
four basic building shapes.

Moving from two-dimensions, into three, Figure 3 shows how these

two palrs of characteristics are combined in a matrix that defines
the four basic categories of building shapes, All puilding configu-—
rations can be related back to this matrix.

MATRIX OF BUILDING SHAPES

HORIZONTAL
PLANE

VERTICAL
PLANE

SIMPLE PLAN COMPLEX PLAN

—

SIMPLE EIEVATION

COMPIEX ELEVATION
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In the layouts that follow, first the four basic categories, or
families, of building shapes are described. This is done by photo
examples, defining the basic dimensions, and showing dimensional
variations for each family. No atbtempt is made to show every
concelvable shape and variatiom: 1t 1s only necessary to establish
a basis upon which shapes can be clearly defined for comparative
purposes {Figures b - 15).

After the four basic shapes are defined, the characteristic of the
splay 1s described that applies to simple and complex shapes in
plan and elevation. In addition, the way in which the splay be-
comes, progressively, a shape composed of a large number of small
steps, leading ultimately back to the pure L-sghape in plan or ele~-
vation, is shown. The significance of this concept lies in the
fact that shapes with the appearance of steps may be achieved with
a splayed structure, and so a stepped gecmetry does not necessarily
mean a re-entrant corner structure in plan or a setback structure
in elevation (Figure 16).

Finally, three components of configuration are defined. These are
chosen because they are of significance in seismic design and are
also the result of very early decision making in the schematic
design of the building. First, the nature of the perimeter design
is defined in terms of openness, and uniformity. Second, the
nature of interior space division is defined in terms of intensity
and adaptability. Third, the important element of the core is
defined. For each of these the general significance of each com~
ponent and its characteristics are outlined in the graphic display
{Figures 17-20).

The photographs shown in this section are intended only as examples
of categorization of buildings and no comment is implied as to
their possible seismic performance.
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SIMPLE PLAN/ SIMPLE ELEVATION

The family of forms which are 3-dimensionally convex in plan
and elevation,

Figure 4. Examples of simple plan/simple elevation buildings.
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BASIC DIMENSIONAL DEFINITIONS

SIMPLE PLAN
SIMPLE ELEVATION

ELEVATION

PLAN
a ko]

r —

-1_

h
ARSOLUTE RELATIVE ABSCLUTE RELATIVE

DIMENSIONS DIMENSIONS DIMENSIONS DIMENSIONS
(size) (proportion) (size) {proportion)

For rectangles, a2 & b,
length and width, ad-
equately define the
plan, because they
also determine ¢, the
greatest plan dimen-
gsion in any direction,
and the area, ab.

For non-rectangles,
area and ¢ may better
deseribe the plan.

a/b, length/width is
the aspect ratio.

Jjudgment.

a/b=1

For irregular poly-
gons, interpolation
and judgment is re-

gquired.

a/b=2

th

=

HI

Other measures,
above, may help

a and b are length
and width, as at left.
Rectangular prisms are
easiest to define,
other shapes require

height
to cen-
ter of
gravity

height
to cen-
ter of
gravity

as
define

irregular shapes.

height/depth, h/a or
h/b defines the build-
ing's "slenderness
ratio.”

H

b

-

h/b=1 W/ =2

l_b_l b

Although these two
height/depth ratios
are the same, the two
cases are dissimilar
in effect.

Figure 5. Simple plan/simple elevation:

basic dimensional definitions.
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DIMENSIONAL VARIATIONS

SIMPLE PLAN/SIMPLE ELEVATION

SQUARE PLAN AND VARIATIONS

RECTANGULAR PLAN AND VARIATIONS

=

g sspect ratio for sgusre is ome.

= | e =

——

ASPECT FATIO .

ASPECT RATIO

£

H/T RATIO

= =

H/D RATIO

=/

PLAN AREA i

A:-'-% P —d I

= =

CIRCULAR PLAN AND VARIATIONS

TRIANGULAR PLAN AND VARIATIONS

@ Aspect ratlo for eirele s ane

ASPECT AATIO

A~

f—ay=————

ACFEOT SATIO

Fignre 6. Simple plan/simple elevation: dimensional variations.
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COMPLEX PLAN/SIMPLE ELEVATION

The family of forms which are 3—dimensionally concave in plan,
but convex in elevation,

Figure T. Examples of complex plan/simple elevation buildings.
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BASIC DIMENSIONAL DEFINITIONS

COMPLEX PLAN
SIMPLE ELEVATION

PLAN ELEVATION
a b
il T
b 87 an 1 2‘
L 1
c T ks 1
L7 -
aq ag’
a
ABSOLUTE KELATIVE ABSOLUTE RETATTVE
DIMENSIONS DIMENSIONS DIMENSIONS DIMENSIONS
{size) {proportion) (size) ( proportion)

as & bo define the ab-
sclute dimensions of
the extent of the legs.

¢ is the maximum dis-
tance between any two
points in plan.

L

a1 8p a3

a

above definitions.

ple plan case.
a following page.

a1/b & by/a define as-
pect ratios of compo-
nent rectangles.

a1/a & by/b define the
legs proportionally;
their values range from
zero to cne.

b
AN
3
' b
.l
a7 ey an
a

More complex plans defined by extension of

Non-rectilinear components defined as for sim-
See also "splays

" discussed on

h is overall height.

Other height dimensions
may be useful as well:

see simple plan/simple

elevation case.

h/aq & h/by are the
height/depth or h/d
ratics for the compo-
nent rectangles form-
ing the legs.

h/a & h/b are the h/d
ratios for the overall
form.

h/a, & h/by are the

h/d ratios for the preo-
jecting portions of the
legs.

Figure 8. Complex plan/simple elevation: basic dimensional definitions.

2hs
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COMPLEX PLAN/SIMPLE ELEVATION

)gj u-sapeo piavs [ ) b [ !El

DIMENSIONAL VARIATIONS

L - SHAPED PLANS [:;] [:;j [fj

83D i

ings are b/ey & blug

ASPECT RATTO

ECT RATIO

HELGHT/ UBETH RATIO

o

= | wad

iations.

ional var

imple elevation: dimens

Figure 9, Complex plan/s
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SIMPLE PLAN/COMPLEX ELEVATION

The family of forms which are 3-dimensionally convex in plan,
but concave in elevation.

Figure 10, Examples of simple plan/complex elevation buildings.
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BASIC DIMENSIONAL DEFINITIONS

SIMPLE PLAN

COMPLEX ELEVATION

PLAN ELEVATION
o
8 ap b
b h2
h
hy
al 8.2
a
ABSOLUTE RELATIVE ABSOLUTE RELATIVE

DIMENSICNS DIMENSIONS ' DIMENSIONS DIMENSIONS
(size) (proportion) {size) (proportion)

The plan is simple,
therefore it is defined
as for the simple plan/
simple elevation case,
except that since the
plan form varies at
different levels, the
process is applied to
two or more plans.

As for the simple plan/
simple elevation case,
the overall aspect
ratio is a/b.

b/ay is the tower as-
pect ratio.

a1 /8 assesses the rel-
ative amount of set-
back.

ho is introduced to de-
fine tower height, hl’
the base height.

Similar extensions of
the definitions can be
made as for the simple
plan/simple elevation
case.

h/a & h/b define the
overall H/D ratios.

hofa; & hp/b define H/D
ratios for tower only
and hl/a & hy/b for base
only.

h2/h indicates relative
vertical amount of set-
back.

Figure 11. Simple plan/complex elevation:

basic dimensional definitions.
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DIMENSIONAL VARIATIONS SIMPLE PLAN /COMPLEX ELEVATION

SETBACK - ONE SIDE l m SETBACK - TWO SIDES l a

ny/n 2:8 /@ @-__' E]
i
a
H
= L
hy /b b:8 =
it < AFEA
&= G
w
Gl
]
m p==r4
£
i aspect. Tatio of base
~ chenges
ny/h 618
L /n 6 -
— “|n
) /
aspect ratio of tower
g A changes
/ ASPECT RATIO HRIGHT/DEPTH RATIO BULK

ap/e 536 8/a 316 ay/s 2:6
SETBACK - THREE SIDES
r lb aspect ratio of tower is b/ap
. aspect retio of base is bfa
[m] 82

1—' decreasing 8)/a ratic / EI
—
[ -
ASPECT RATIO
aspect relio of buse

_/ | J@

N
:

aspect ratio ol towar
changes
ASPECT RATICG HEIGH/DEPTH RATIQ BUTK

SETBACK - FOUR SIDES ‘ @

l:‘ |
s o

HELGHT/DEPTH HATIC

Pi—

D
aspect ratio of base g
ehanges

o
= 7
io of
BULK fﬁﬂﬁ;f“w of tower
: 1 HETGHT/DEPTH RATIO BULK

ASPECT RATIO

Figure 12. Simple plan/complex elevation: dimensional variations.
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’ COMPLEX PLAN/COMPLEX ELEVATION

The family of forms which are 3-dimensionally concave in plan
and elevation.

Figure 13. Examples of complex plan/complex elevation buildings.
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BASIC DIMENSIONAL DEFINITIONS

COMPLEX PLAN
COMPLEX ELEVATION

PLAN ELEVATION
l—a___.T
b a
— b3 ALEh al i a2
e b | |
v 3 L — »
b - ho
— by h
bh : hl
8.1 8.2
ABSOLUTE RELATIVE ABSOLUTE RELATIVE
DIMENSIONS DIMENSIONS DIMENSIONS DIMENSIONS
(size) {proportion) (size) {proportion)

These definitions are the same as for the other
complex plan case {complex plan but simple
elevation---the L-shaped plan family).

With the addition of a setback condition to the
complex plan, it is necessary to define the plan
at every level where it changes form,

These definiticns are the same as for the other
complex elevation case {complex elevation but
simple plan--— the setback family).

With the addition of complexity in plan to
complexity in elevation, it may become necessary
to define the elevations along various axes

(h, by, & by, mey not be the same on all wings).

Figure 14. Complex plan/complex elevation:

basic dimensional definitions.
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VARIATIONS AND COMBINATIONS COMPLEX PLAN/COMPLEX ELEVATION

An infinite variety of forms
are possible, but they are
definable by a sequential ap-
plication of the varisbles
previously defined.

These variables are summarized
below, as they relate to the
illustration at left.

PLAN

ELEVATION

RE-ENTRANT CORNER

- U-shape (1)

- asymmetrical (2)

ot e et e o | . e o

SETBACK
- l-sided (3)

- 3=sided (%)

SPLAY
- single (5)

- multiple (6)

b | MULTIPLE SETBACKS

- 1l-sided (T)

3-sided (8) hiin //5
- o = "I':Ih\\\ V)
2

CORE
- internal (9)

- external {10)

PERIMETER DESIGH
- high percentage open {11)
- uniform openings (12)

- high first floor (13)

Figure 15, Complex plan/complex elevation:

variations and combinations.
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DIMENSIONAL VARIATIONS APPLICABLE TO SIMPLE AND COMPLEX SHAPES

SPLAYS IN PLAN

1 81 'ap ag

|
Uy

Various splays in plan are shown pro-
gressing from splsy, back to one of
the four basic families of building
sheapes. |

SPLAYS IN ELEVATION

N al hag 53

[

hy
h b2
b3
1L—T_i L-T_ﬁ

Various splays in elevation are
shown progressing from splay, back %o
one of the four basic families of
building shapes.

Figure 16, Dimensional variations applicable to simplc and complex shapes; in plan or elevation, the splay.
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CONFIGURATION COMPONENTS PR T e

PERCENTAGE OPEN

Defines the extent to which open and opague exterior elements are
uniformly distributed between building facades or floors.

7

T

R

UNIFORMITY

" Defines the extent to which perimeter must be open for daylighting, view,
or other purposes.

B i, '—/

Uniform

Non-uniform

Figure 17. Configuration components:

perimeter design requirements.
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CONFIGURATICN DEFINITION

CONFIGURATION COMPONENTS

INTERIOR SPACE
DIVISION

ITENSITY

to plan area.
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Defines the extent to which interior space division elements are permanent.
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Figure 18. Configuration components:

interior space division.




256 Al. CONFIGURATION DEFINITION

CONFIGURATION COMPONENTS

CORES

CORE —- A geries of holes in the
floors which are in line vertically
to enable vertical mechanical serv-
ices, elevators, or stairs to
penetrate the building.

A core may or may not be enclosed
with structural material to resist
vertical and/or lateral forces.

Diagramatically, a core is
represented as a single
tube, but typically it is a
more complex form.

Figure 19. Configuration components: cores.
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CONFIGURATION COMPONENTS | @
CORES

CORE LOCATION

SIMPLE COMPLEX

Single, Interior

Multiple, Interior

Single, Exterior

Multiple, Exterior

dd2E

Combinations

|

Figure 20. Configuration components: core location.
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A. Introduction

This bibliography has been designed to he of use to a varied
audience: academic, research, and practicing architects and en-
gineerss code offieclals; architectural historians and crities;
planners; and others. It is both toplecally arranged and annotated.
It is striking that almost nc writings have been devoted entirely
to the subject of seismic design and building configuration.
Generally the subject is discussed in passing, or a particular
technical sub-tople such as torsion, for example, has been chosen
for study. This does not mean that no information coneerning the
subject has been published but merely that the information is wide-
spread and has not been focused on this issue.

Hence, the topical structuring has been provided to pull together

a wide variety of sources into categories which make sense in the
context of this study. The annotation is cffered only to help
indicate the nature of the configuration-related contents of some
references but is not intended to be judgmental, nor are the
comments meant to be summaries of the overall scope of the works.
Some cited sources, for example, will be readily recognized as major
works whose reputations are based on their contributions in other
subjecet areas and which only tangentially relate to the subject at
hand.

The four divisions of the bibliography are:

—— 1. configuration in seismic design

—— 2. performance of specific buildings in past earthquakes
-— 3. research reports

— L. codes

B. Configuration
in Seismic Design

Preceding page blank

Since one of the bibliographic conclusions of this study is that
almost no papers or boocks have been devoted solely to the subject
of building configuvration and seismic design, the following works
generally discuss this tople tangentially in the process of dealing
with other issues. From a design standpoint, the other primary
engineering categories are materials, detailing, and systems, and
each of these topics has accumulated a much larger literature than
the configuration subject,

Alexander, Robert L., "Where The Architect Stands On The Team: An
Introduction To Aseismic Design," ATA Journal, December 106k,

"As an experienced architect conceives the spatial and esthetic
requirements for a multistory building in a seismic area, he thinks
in terms of siructure intuitively. From his rough sketches of in-
spiration to his preliminary drawings, he has determined the
structural form, column and story spacings, shear wall locations
and surface openings... If he does a thorough job, his structural
consultant will not be placed in the unfalr position of having to
choose between seeking revisions or resorting to the use of de-
formed structural solutions to the problems of bad architecture.”
(p. L2)

Architectural Graphic Standards, Joseph Boaz, editor, 6th edition,
New York: John Wiley & Sons, 1970.

"The configuration of a structure and its fundamental period allects
ite earthquake resistance ccnsiderably. OSymmetry in plan is very
desirable. Unusual shaped plans result in high stress concentration
areas and must be specifically designed for. Structural elements
must be tied together to make them resgond as a unit; or structural
separations may be required." {p. 562)




262 A2. BIBLIOGRAPHY

Architectural Institute of Japan, Design Essentials In Farthquake
Resistant Buildings, New York: Elsevier, 1970.

"Bearing walls should be proportionately arranged in the plan. This
is common to all wall construction, If the distribution of wall is
one-sided, divergence of the location of center of mass of the
building from that of rigidity of the walls become large and the
building as a whole is twisted at the time of earthquake and dan-
gerous stresses occur. For buildings in this country, there is a
general tendency to provide large openings on the scuth side,
therefore the amount of wall on the south side decreases thus
causing easily one-sided distribution of the walls and these facts
regquire attention. In case there 1s an inevitable need of such, it
is recommended that all the walls in that direection be made of re-~
inforced concrete frame construction." (p. 256)

Army, Navy, and Air Force (S.B. Barnes & Associates and John A.
Blume & Associates, consultants), Seismic Design For Buildings,
(The "Tri-Services Design Manual™), April 1973.

"ARCHITECTURAL CONSIDERATIONS: The seismic design begins with and
is dominated by the architectural concept of the building. The
architectural and functional requirements must be tailored to the
concept of safety and damage control. Too little time is often
spent on the architectural/structural concept, and too much on the
stress analysis. We need a clear distinetion bhetween design
{selection of a basically sound and economical structural system)
and analysis {computation of stresses and deflections). Estab-
lishment of the configuration, fenestration, maeterisls and details
of construction must be a Joint effort of the structural engineer
and the architect...

Architect and structural engineer must work closely together to
come up with the most desirable building that will be seismic re-
sistant as well as functionally and aesthetically acceptable.
Every effort shall be made to appreciate the characteristics of
earthquake action and to recognize that a building of regular shape
and symmetrical siructural elements will provide more satisfactory
response. Torsional effects due to earthquake forces create major
points of discontinuity causing extreme high stress concentrations.
Non-structural elements can profoundly alter the anticipated per-
formance of a structure by either absorbing energy or concentrating
energy at a point not designed to withstand it. Engineers are
learning that a building's shape, symmetry, and its general layout
developed in the conceptual stage are more important, or make for
greater differences, than the accurate determination of the code-
prescribed forces. These criteria have been viewed too long as
prerogatives of the engineering professions; but they must have

an increasingly greater bearing on architectural design in all its
facets. It is the architeect's and engineer's joint responsibility
to design consistent with risk to life and property. Architects
are advised to work closely with engineers at early consultative
stages of the design process.” (p. 3-12 & 3-13)

Arnold, Christopher, "Configuration And Seismic Design: A General
Review," Second U.S, National Conference On Farthquake Engineering,
1979.

Touches upon all the major themes covered in the present study,
including recurrent problem examples and the architect-engineer
relationship,
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Arncld, Christopher, "Building Configuration: Characteristics For
Seismic Design," Seventh World Conference On Earthquake Engineering,
September 1980,

Geometric definitions which usefully describe configuration for
seismic purpeses are introduced and illustrated. The history of
the evolution of office huildings is specifically discussed to
exemplify the variety of factors which affect bullding config-
uration, only one of which is seismic concern.

Arnold, Christopher, and Elsesser, Eric, "Building Configuration:
Problems And Soluticns," Seventh World Conference On Harthquake
Engineering, September 1G30.

A general matrix or summary of the relationships between specifie
building types and their architectural and structural implications
in the seismic context. The Imperiasl County Services Bullding,
badly damaged in the 1979 Imperial Valley earthquake, is used as
an example.

Berg, Glen V., "Design Procedures, Structural Dynamics, And The
Behavior Of Structures In Parthquakes,” U.S. National Conference

On Farthquake Engineering, 1975.

"Preserve symtetry. The inertia force in a building acts through
the center of mass. The counterbalancing internal force is gen-
erated by the rigidity of the structure and acts through the center
of rigidity. If the building iz symmetric the center of mass and
the center of rigidity coincide and torsion is eliminated. Wo
building can be perfectly symmetric, of course, but accidental
eccenlricity is not apt to be very bothersome.

Avoid structural discontinuities. Just as a notch in a metal bar
becomes an area of stress concentration, so will a structural dis-
continuity in a building be a region of potential structural damage.
Often architectural consideraticns reguire setbacks or other abrupt
changes in building stiffness. It is better to avcid them whenever
possible, Occasionally the effect of a structural discontinuity
may be caused by adjacent structures. A tall building may be
stiffened in its bottom stories by lower adjacent builidings, and
the effect of an abrupt change of stiffness at roof level of the
adjacent building may lead to a concentration of earthquake damage
in the tall building just above that level." (p. 74}

Bertero, Vitelmo V., "An Overview Of The State-=0f-The-Art In Farth-
quake-Resistant Reinforced Conerete Building Construction," Second
U.8, National Conference On Earthquake Engineering, 1979.

Selecticn of structural layout is emphasized as a very important
step in this cverview of the total design process, Applicable to
non-conerete design as well.

Blake-Kelly, J.R., "The Effects Of Seismic Engineering On Archi-
tecture In New Zealand," Third World Conference On Earthquake En-
gineering, 1965.
The "Napier style,'" based on the least expensive concrete system,

"a very plain wall type of architecture,” briefly followed the 1931
Napier earthquake and was simply a substitution of conerete for
brick. In the mid-30's a government building concrete style evolv-
ed. "When using reinforced concrete in low-rise buildings, be-
cause Tire resistance measures established stiff walls about lifts,
staircases, ete.,, the great majority of all internal walls were in
reinforced concrete toc, so that a heavy and rigid compartmentation
was introduced with minimal openings. This system worked externally
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with the type of Georgian proportion elevations, for the relation
of solid to void allowed easy two-way reinforcement... The early
1850's saw a more liberal easing of the rigid shear-wall architec-
tural strait-jacket. Information was now becoming available again
from America and Japan..." {p. IV=-38). Smaller design firms 'have
not established any discernible continuing development of an archi-
tecture conditioned by selsmic engineering. Their structural con-
sultants are hired job by Jjob with very little likelihocd of con-
tinuity of design development,.. In the private field there is no
parallel to the State's 30 years of endeavor broken though it was
by war and controls..." (p. 1V=39)

"The private field has more difficult sites in city commercial work
than the many island sites of the State. The small frontages...

in conjunction with lengthy side boundaries dictate stiff side
walls, with deep-membered spandrels front and rear, from which most
of the natural daylight must come too." {p. IV-40) )

The Ministry of Works "has shown over recent years developments of
an architecture influenced by seismic engineering - in non-technical
terms, to display buildings that look as though they can withstand
earthquakes.”™ (p. IV-51)

. Typical examples of buildings from the 30's to 60's are illustrated.

Blume, John A., Newmark, Nathan M., and Corning, Leo H., Design Of
Multistory Reinforced Concrete Buildings For Earthquake Motions,
Skokie, Illinois: Portland Cement Association, 1961.

General selismic design reference, as well as containing specific
concrete design guidance. Torsion is covered with an example in
Section 4.9,

Blume, John A., in Joint Committee On Seismic Safety, California
Legislature, "Public Hearing On Seismic Hazards Of High-Rise
Buildings In The San Francisco Bay Area," October 2k, 1972.

"] am especially concerned with: (1) some old structures not

having adeguate strength or duetility, lacking integrity of floor-
wall-framing connections, and lacking redundancy; and (2) some
modern structures where the designers put all their faith in a few
first story vertical members- columns and/or walls - which barely
pass the code requirements withoul reserve capacity in the inelastic
range." (p. 26-27}

Blume, John A., "A Message From EERI President John Blume," Farth-
guaske Engineering Research Institute Wewsletter, November 1979,
Vol. 13, No. 6.

A brief summary of some major configuration problems: "... the
special risks invcolved with 'core! type resistance providing very
low polar moment of inertia in stiffness and strength; of what I
have termed 'vagrant' architecture in which there is no visible
means of support; of very flexible first stories where the lateral
foreces can only be estimated with great uncertainty: of poor seis-
mic layout or geometry having structural offsets in plan and/or
elevation; of the special demands on corner columns; and of the
fact that no building will retain its structural symmetry, if
indeed it has this to start with, and remain without torsion when
%t inevitably enters the inelastic range under severe motion."

p. 2)
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Borges, J, Ferry, and Ravara, A., Barthquake Engineering: Seismic
Design Of Reinforced Concrete Buildings, (course syllabus),
lLaboratorioc Nacional De Engenharia Civil, Lisbon, 1969,

YAs regards the structural conception, attention should be drawn

tc the advantage of reducing the eccentricity due to the asymmetry
in plan of the structural elements. Such asymmetries give rise to
torsion moments which can be sufficiently high to cause, alcne, the
collapse of the structure.” {p. 117)

Botsai, Elmer E., et al, Architects And Earthquakes, Washington,
D.C.: Government Printing Office, n.d., (AIA Research Corporation).
The problems of the L~ and T-shaped plans, eccentric core, and
inverted setback configurations are discussed pp. 40-43 and L6-47.

Clay Products Institute of California, Earthquakes And Building
Construction, 1929.

While obviously motivated by a concern for the materials represented
by this trade group, configuration also stands ocult sharply as a
major issue in this summary of the state-of-the-art in the twenties.
This work's emphasis on the percentage of wall opening, and on the
ratio between lineal wall footage and flcor area square footage now
seems anachronistic: It is perhaps unfortunate that the intelligent
use of configuration to proportion a building's resistant capacity,
as compared to its load, has been neglected in recent years, and
also that our sophisticated quantitative state-of-the-art today
often leads us to fail to perceive the forest for the trees, and to
incline architects especially to conclude that earthaguake resistance
begins with analysis {rather than design) and is achieved only
through the engineer's selection of systems, materials, and details
(rather than choice of configuration as well).

Dean, R. Gordon, and Zacher, Edwin, "Structural Considerations,"
Architects And Barthquakes: Research Needs, AIA Research Cor-
poration,

"...the choice of structural system, symmetry of the system, pre-
sence of abrupt changes in rigidity and often choice of materials
is greatly influenced by and scmetimes dictated by the initial
concept and configuration of a building. The Structural Engineer
cannot provide continuous shear walls if there are no places in
the basie layout where they can run. A completely open first story
eliminates the possibility of continuing exterior walls to the
ground. The combination of cxterior concrete walls over an open
First {loor automatically creates an abrupt change in stiffness.
Open street fronts in a building on a corner lot with solid prop-
erty line walls on one or two sides in the rear create an almost
unmanageable torsion problem. Effective moment resisting frames
require sufficient vertical space for the large girders necessary
to make frames rigid...

...continuous skylights, pipe chases, or other openings through
roof or floor diaphragms adjacent to shear walls make the proper
connection of a dlaphragm to a shear wall difficult, if not im-
possible. A stairwell or elevator shaft straddling the line of a
diaphragm chord will substantially weaken a diaphragm. A series
of story high openings in each story through an otherwise con-
tinuous shear wall literally cuts the shear wall into separale
walls and greatly reduces the effectiveness of the wall. Placing
rigid but non-structural exterior panels on an otherwise flexible
building, invites damage to the rigid panels, etc. Although the
actual design of the structural components of a bullding to resist
earthquakes is the responsibility of the Structural Engineer, the
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successful design requires close cooperation with the Architect.
This cooperation must begin with the first schematiec studies be-
fore the initial architectural concept is established." (p. 58)

Degenkol®v, Henry J., Barthguake Forces On Tall Structures, Beth-
lehem Steel, 1970.

"Much of the problem would be solved if all structures were of a
regular shape, but economics of lot sizes and arraungements, various
planning requirements for efficient use of space, and esthetically
pleasing proportions reguire the structural engineer to provide for
safe construections of various shapes. L, T, or U shapes or vari-
ations of these must be accommodated in many building designs.
Engineers must realize that re—entrant corners are areas of great
stress and must reinforce their structure accordingly. In code
terms., the amount of stress is difficult to define, therefore each
case must be individually analyzed by the engineer, considering the
magnitude of forces to be resisted. Provisions must alsc be made to
resist various combinations of force transference that are likely
to occur. All buildings, no matter how regular theoretically, are
subject to torsion and those non-symmetrical shapes will be sub-
jeeted te major torsional stresses.” (p. 16)

Contains an example of a particular cruciform plan problen.

Degenkolb, Henry J., in Joint Committee On Seismic Safety, Cali-
fornia Legislature, "Public Hearing On Seismic Hazards Of High-Rise
Buildings In The San Francisco Bay Area," October 24, 1972.

"If earthquake safety is really a high priority item in the design
of high-rise structures, the concept and design of the building con-
figurations should be suitable for providing dynamic lateral re-
sigtance and not subject to the latest architectural whims and
fashions.™ (p. 18)

Degenkolb, Henry J., "Earthquake Engineering And The Practicing
Engineer," The Future Of Earthquake Engineering: Proceedings Of

The Inaugural Symposium Of The John A, Blume Earthquake Engineering
Center, September 17, 1976.

"fven though cur technical kncwledge is not adequate, the engineer
can design reasonably safe structures, just as other engineers of
the past were able to design serviceable structures without even a
small portion of ocur present advantages of materials and analytical
methods.

In order to provide reliable structures, the most important require-
ment is that the engineer be truly professional and take pride in
his work to satisfy both client and society. He cannot rely heavily
on codes or standards of practice. Lengthy, complex codes may mis-—
lead the engineer as to the extent and reliability of our current
earthquake knowledge and will tend to make him more of a technician
than an engineer.

In the past, our detailed earthquake codes have contained errors

or have omitted important factors to the extent that the collapse

of some recently designed buildings may be assured in the event of

a mujor earthquake. We must expect that present codes or that codes
propounded in the next few years will contain similar deficiencies.”
(p. 128-129)

Degenkolb, Henry J., "Seismic Design: Struetural Concepts," Summer
Seismic Institute For Architectural Faculty, Washington, D.C.:

ATA Research Corporation, October 1977.

Emphasizes importance of configuration; explains soft story and
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other problems in the process of providing an introduction to prin-
ciples of structural engineering as applied to earthquakes.

Dewell, Henry, "Barthquake Design," Engineering News Record,

May 3, 1928.

Plans should be rectangular, no setbacks, solid walls at corners,
heavy towers or appurtenant siructures avoided.

Dowrick, David J., Earthquake Resistant Design, London: John Wiley
& Sons, 1977.

See Chapter Four, "Determination Of Structural Form." "This chap-
ter is addressed to architects as well as engineers because the
structural engineer cannot make a poor structural form behave
satisfactorily in an earthguake...

Briefly, the structure should be simple; be symmetrical; not be

too elongated in plan or elevation; have uniform and continuous
distribution of strength; have horizontal members which form hinges
before the vertical members; have its stiffness related to the sub-
soil properties.” (p. 80)

Dowriek, David J., "Structural Form For Earthquake Resistance,”
Sixth World Conference On Earthquake Engineering, 1977.

"Many engineers recognize that structural form is of great im-
portance for earthquake resistance. Tt is somewhat surprising that
this aspect of design has not been discussed in the literature as
a subject in its own right until now."” (p. 1826)

A brief version of the same material which appears in Dowrick's
book cited above.

Earthquake Engineering Research Institute, Learning From Earth-
quakes: Planning And Field Guides, Farthquake Engineering Re-
search Institute, 1977.

This reference 1s designed for use by post-earthquake observation
and research teams.

"Irregular Systems. Commentary: Re-—entrant corners, insets, set-
backs and similar breaks in the continuity of the lateral-force-
resisting system tend to result in areas of localized damage.
These irregularities may be due to discontinuous and inadequate
Lorce paths, unreccgnized force components, and/or construction
variabilities,

Torsicnal respouses are expected in buildings having marked asym-
metry 1in geometrics, stiffnesses, and masses, Torsion can also
arise from other scurces, such as the presence (and participation
in the building response) of stairs, partitions, and masonry in-
fi1l walls. Structural failures and shifting in the structural
response characteristics due to damage can contribute to a tor-
sional response. Restricted deformation as evidenced by pounding
against adjacent structures can induce torsion.

It is possible to overcome partially the problems of irregular sys-
tems, but this requires careful and thorough design and execution
in the field. Measures which are effective or ineffective in con-
trolling or reducing damage in irregular systems should be noted.
Checklist:

1. Irregular plans and setbacks in elevation.

2. Changes in the lateral-load-resisting system, in materials,
mnasses, or stiffnesses.

3. Evidences of torsional response.

k. Relative behavior ol regular and irregular systems in the same
general area.
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5. Good and poor design details and construction procedures.”
(p. 51-52)

Eiby, G.A., "A History Of Anti-Seismic Measures In New Zealand,"”
Bulietin of the New Zealand National Society for Farthquake En—
gineering, Vol. 8, No. 4, December 1975.

Brief reference to a commission report on the South-West Wairsrapa
earthquake of 1855 in which C.R. Carter, a& contractor, produced a
theoretical argument that pyramids were the ideal architectural
form for earthquake resistance.

Engle, H.M., "The Barthquake Resistance Of Buildings From The
Underwriter's Point Of View," Bulletin of the Seismological Society
of America, Vol. 19, No. 2, June 1929.

"The shape of the building is of some importance. As bracing should
be of equal strength in all directions and be symmetrical about the
center of mass of the building, a closed shape is desirable, pre-
ferably square or not too badly rectangular, as these shapes lend
themselves most easily to equal and symmetrical bracing. It is
more diffieult to get a proper distribution of bracing in odd-
shaped buildings, such as those of L or U shapes. If the building
is to resist most successfully, the natural period of vibration of
all parts of the building must be about the same, and this is more
diffieunlt to get with the odd-shaped buildings with long wings.

It is preferadble to aveid the odd shapes, if possible, and where
used they should be carefully designed so that bracing will be the
same in all directions and the natural period of vibration of each
part about the same." {p. 91)

Fattal, S.G., "Structural Performance 0f Low-Cost Housing And
Communiity Buildings Under Earthquake Conditions," in William F,
Reps and Emil Simiu, editors, Design, Siting, And Construction Of
Low—Cost Housing And Community Buildings To Better Withstand Earth-
quakes And Windstorms, Washington. D.C.: Government Printing
Office, 1974, (National Bureau of Standards).

"The geometry of a building may have a marked effect in distributing
seismic forces and influence the type and degree of failure. For
example, twisting and warping are more likely to occur in buildings
of irregular shape...or in buildings having nonuniform arrangement
of walls and openings. Failure commonly occurs at corners of
openings,..at the top junctions of abutting walls, near attachments
of projecting elements, or, as a result of "hammering" between ad-
jacent walls of detached buildings. In general, buildings marked
with sharp transitions in mass and/or geometry tend to develop
structurally unfavorable force distribution patterns."” (p. 13-15)

Freeman, John Ripley, Barthquake Damage And Earthquake Insurance,
New York: McGraw-Hill, 1932.

A classic work, summarizing the state-cl-the-art at that time {and
still valid even today in most respects). Includes a variety of
configuration topics in its discussion of seismology and en-

gineering.
Concerning re-entrant corner plans: In relerence to the Pacific
Telephone & Telegraph Building in San Francisco: "The ground plan

is not a closed rectangle and it remains to be seen 1f the pro-
jecting wing in the rear,..will develop difficulties at the un-
braced rear wall when, if ever, violent earthquake oscillations
attack the structure. The rigid concrete [loors are doubtless
relied upon for distribution of any exceptional horizontal stress
Trom the wing or ell. This example is of particular interest be-
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caugse it is nol always practicable to avoid wings or ells, or to
provide heavy internal partition walls at their intersection, to
act as braces." {(p. 380)

End wall, interior partition, and corner wall bracing are discussed
p. 812-816: overall stiffness and strong corner walls, end walls
and interior partitions are considered advisable; torsional motion
resulting from asymmetric wall layout is diagrammed; "The architect
should plan his window and door openings with careful reference to
resistance to earthquake stress by the wall, which may be greatly
weakened by these openings unless great care is taken in placing
them and in reinforcing around them." Pros and cens of the soft
story are discussed.

Tachu Naito's contemporary seismic design principles are summarized,
which include: even and symmetrical distribution of walls, braces,
and bents in plan and vertical ccntinuity of these elements through-
out the height of the structure; combining stiff and flexible com-
ponents creates the problem of incompatible deflections; possibly
negative effects of infilling frames without regard for increased
stiffness; corners should be walled as s0lidly as possible; plan
forms should be closed.

Green, Norman B., BEarthgquake Resistant Building Design And Con-
struction, New York: Van Nostrand Reinhold, 1978.
Torsion is discussed, with examples, in Chapters Three and Five.

Hauf, Harold D., "Minimizing Barthguake Hazards: II. Architectural
Pactors," AIA Journal, July 1968.

"Wherever possible, buildings should be designed so there will be
no substantial built-in eccentricity... It is believed that tor-
sional phenomena may be of greater significance in the resistance
of tall framed buildings to earthquakes than has been recognized
generally. This applies particularly to modern curtain wall
buildings because of their lack of peripheral resistance, whether
the curtain wall consists of precast concrete panels or metal and
glass panels....

The problem is more difficult to handle architecturally in buildings
where the service core is asymmetrically placed with respect to

the entire building envelope. Since the walls surrounding the core
are usually available for the structural purposes, symmetrical core
location is obviously advantageous, but it is not always feasible.
The ingenuity of both architect and structural engineer may be
taxed to minimize potential torsional displacement in buildings
with asymmetrical plans...

Imaginative design thinking can produce compatible solutions to this
highly significant problem if it is recognized as such during the
early stages of a project.” {p. T0-71)

Hunt, Sumner, "Committee On Building For Safety - Preliminary

Report On Construction Of Walls And Floors," Bulletin of the
Seismological Society of America, Vol. 16, No. I, December 1926.
"Plan.-—-In studying the action of earthquake shock on walls, con-—
sideration of the plan or shape of the building is important.
Thinking of the Pyramids, one almost wonders if the Nile country
might not have been subject to earthquakes and if the Pyramid
builders might not have designed them especially to withstand earth-
quake shock. Certainly the pyramidal is the ideal shape of building
to withstand such & shock - the maximum weight at bottom, the mini-
mum at top is the ideal to strive for.

The square type of plan, with uniform weight on all sides of the
center is also an ideal form.™ (p. 268}
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International Conference On Planning And Design Of Tall Buildings,
Tall Buildings: Systems And Concepts, Vol. la, New York, 1972.
Although extensive consideration of the seismic issue is absent from
these proceedings (wind is given more attention concerning lateral
forces)} several papers are relevant in their discussicns of the
structural layouts of tall buildings.

Long Beach, California, City of , Subdivision 80 of the Building
Regulations. s
Desls with the problem of how Lo abate the hazard posed by existing
unsafe buildings, typically those of unreinforced masonry con-—
struction, The checklist rating system used by building inspectors
specifically lists and penalizes these configuration conditions:
"Poor dimensional plan, "L" and "T" shapes, (non-rectangular).

Lack of symmetrical bracing or shear walls. Excessive length to
width and height ratiocs (greater than L4:1)...Excessive wall openings
& wall heights without adequate design...Bxcessive wall openings
include percentages of 50 and over for any one wall in any story.”
{Appendix A-5)

Montel, Alfredo, Building Structures In Earthquake Countries,
Londont Griffen, 1912.

"Tt is therefore advisable to construct very low buildings, with
very few stories and a light roof which cannot be deformed and is
rigidly united with the walls. In addition to that, the various
parts ought to show as few interruptions of continuity as possible,
and the transition from one to the other ought never to be made in
a sudden manner. The circular form 1s theoretically the most suit-
able one for a building, the more so as, when using it, no account
need be taken of the direction of the seismic action, which is very
often i1l deflined or wholly unknown. The good resistance of cir-
cular buildings to earthquakes has, besides, already been ohserved
in practice." (p. 81)

Page, Robert A., Blume, John A., and Joyner, William B., "Earthquake
Shaking And Damage To Buildings," Science, Vol. 189, No, k203,
Auvgust 22, 1975.

In the process of comparing ©ld and new bulldings reference is made
to the "fortunate geometry" and extensively-walled plans of the
former.

Polyakov, 5., Design Of Fartlquake Resistant Structures, Moscow:

Mir Publishers, 197h.

"Horizontal torsional moments that are always present in a vibrating
building make the wings highly wulnerable to earthquakes when they
are structurally connected to the building. In planning a building,
such wings should be avoided. When architeectural planning makes it
impossible to avoid this type of construction, the wings should be
simple in form and separated from the main part of the building by
separation joints to prevent contact of the wings with the building
during vibration.

Analyses of earthquakes have shown, the most desirable configuration
of a building (or its parts) is a circle, a polygon, a sguare or a
configuration close to these. The strength and rigidity of the
walls and other structural elements of such buildings in any posi-
tion are approximately the same and hence their resistance to a
horizontal seismic shock in any direction is the same. Such
buildings also perform better when they are subjected to horizontal
rotation.” (p. 151)
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Soviet code provisions which set dimensicnal and proportional limits
for buildings (broken down by construction type and geographie
zone) are discussed.

Portland Cement Association, Analysis Of Small Reinforced Concrete
Buildings For Eerthquake Forces, Skokie, Tllinois! 1955 (and later
editions).

A general introduction as well as an explanation of topics unique
to concrete. An analysis example of an asymmetrical (open-front)
building is provided. The drastic change in rigidity that results
from relatively slight changes in the dimensions of piers is
illustrated via nomographs.

Prendergast, J.D., and Fisher, W.E., Seismic Structural Design/
Analysis Guidelines For Buildings, U.S. Army Construction En-
gineering Research Laboratory, February 1977.

YPreserve symmetry. Avoid irregularly (L, T, U, and +) shaped
building layouts unless adequate design precautions are taken to
subdivide the building into regularly shaped integral units which
can respond independently and are structurally separated by
sufficient distance to avoid contact under the expected maximum
lateral defiecticns. PFurthermore, avoid mixed framing systems such
as a shear wall on one side of a building and a steel frame on the
other.

Minimize building torsion. The distance between the center of mass
and the center of rigidity should be minimized.

Frovide direct vertical paths for lateral forces. Avoid trans-—
ferring lateral forces over long distances through diaphragm action
or through complicated structural systems that reguire the lateral
forces to be transferred through setbacks, overhangs, and other
geometrical irregulsrities before reaching the foundation.

Avoid abrupt discontinuities.. Minimize abrupt changes in the lat-
eral resistance or stiffness such as large openings in shear walls,
interruption of columns and beams, diaphragm openings, or changes
in structural systems between stories."” (p. 11)

Reitherman, Rohert, "Frank Lloyd Wright's Imperial Hotel: A
Seismic Re-evaluation™, Seventh World Conference On Barthquake
Engineering, 1980.

Rather than the much publicized foundation system, it is primarily
the Hotel's configuration which 1s singled out as a positive
seismic design contribution.

Shah, Haresh (., Zsutty, Theodore (., and Padilla, Iuls, "The
Purpose And Effects Of Earthguaske Codes,”" Internal Study Report
No, 1., John A, Blume Earthquake Engineering Center, August 1977.
"Tt is most important to realize that an earthquake can have widely
differing effects on different types of buildings depending upen
their gualities of symmetry and regularity. If a building is
well=-braced by walls, regular and symmetrical, drift is easily
controlled. If, however, there are drastic irregularities from
floor-to-floor, or if the plan is grossly non-symmetrical in its
floor plan or with walls on one side and flexible framing on the
othier - then severe localized drift and torsional twisting dis-
tortions will occur.” (». 6)

Siegel, Curt, Structure And Form In Modern Architecture, New York:
Reinheld, 1961.

A large number of rules or principles interrelating structural be-
havior and aesthetic design are formulated. This basic text on




272

A2, BIBLIOGRAPHY

structuralism neglects not only seismic but also wind lcading, and
hence its generalizations, such as the statement that corner
columns have less tributary area for gravity loading and therefore
should be smaller than all the rest, may seem simplistic, and the
approach emphasizes only theoretical structural principles, rather
than the practical aspects of constructing structures, but within
these limits it thoroughly examines a multitude of specific
structuralist issues and stimulates interest in the interrelation-
ship of structure and architecture.

Simonds, George, P., "Building Configuration And Earthquakes As

An Architect Locks At Design,” Earthquake Engineering Of Buildings
Symposium, February 5-6, 1968, San Francisco, Farthquake Engineering
Research Institute, 1968.

"Form in buildings is determined by the Architect. Traditionally
architecture has been influenced by "firmmess, commodity and
delight™ and by style or fashion as well.

Today's style forms do not have those inherent qualities of earth-
quake resistance as did the sclid wall, the cellular space, the
symmetrical arrangement of the past. Such stylistic forms place
added burden on the structural consultant-designer.”

One of only a handful of papers or articles which have ever been
devoted to this topic. (from abstract submitted for conference)

Téran, Jose Francisco, "Historical Context Of Building Forms In
Managua," Managua, Nicaragua Barthquake Of December 23, 1972,
November 29-30, 1973 conference proceedings, Earthquake Engineering
Research Institute.

A brief historical review of Niceraguan architectural form in the
seismic context. Emphasizes that building form is a result of many
influences. A building form should be created carly in the design
phaese "that at least will not hinder or handicap the structural
solution." Modern architecture, even though introduced following
the 1931 Nicaraguan earthgquake, often introduced problematic forms.
"The question erises as to whether the building should be designed
to meet the functional, social and aesthetic needs and then be im-
plemented for structural safely or if in seismic areas like Ma-
nagua, the special problems of stability and overall integrity
should condition the design process by which the elements of form
such as mass, symmeiry, modulations, etc. are decided...how can
architects, engineers, owners, and the whole community develop a
common design attitude.,.?" (p. 322). Photos illustrating his-
torical trends are included. Téran's brief paper is one of the
very Ilew works devoted to the issue of the evolution of architec-
tural trends and forms in the context of the earthquake problem.

UNESCO VWorking Group On The Principles Of FEarthquake Resistant
Design, Intergovernmental Meeting On Seismology And Earthguake
Engineering, Paris, April 21-30, 19€k.

"It is desirable that a structure have a simple layout in plan and
elevation. The plan should be as nearly symmetrical as possible..
the center of mass of the structure should be kept as low as
feasible by avoiding heavy loads at or near the roof level, or in
the upper portions of tall structures...the center of mass in the
horivontal plane at all levels should preferably coincide with the
center ol rigidity of the structure in order to minimize torsiocnal
effects. Torsional effects should be considered in the analysis
where they cannot be eliminated. Cuareful consideration should be
given Lo irregular shaped structures and to portions of structures
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having different rigidities. When an irregularly shaped structure
is unavcidable, it should be designed to act as an integral unit,
or different portions of the structure should be adequabely sep-
arated to aveid collision due to seismic forces acting in any
direction. Also adjacent structures should have adequate sep-
arations.” (p. 179)

Weidlinger, Paul, "Visualizing The Effect Of Earthquakes On The
Behavior Of Building Structures," Architectural Record, May 1977.
"Ideally, a structure should have two axes or symmetry in plan.
This is easily accomplished if the architectural plan has these
properties, but, even so, siructural symmetry can be achieved
sometimes within a slightly unsymmetrical plan, by intelligent dis-
position of the framing systems. The symmetry avoids torsion in
the structure caused by lateral seismic forces... An irregular
plan also usually leads to complex, higher mode shapes which can,
somewhat unpredictably, result in very high design moments and
shears in unexpected parts of the structure. And these may lead
to loss of economy and to unpleasant and unanticipated dimensions
of structural members.™ {p. 147)

Yanev, Peter, Peace Of Mind In Esrthquake Country, San Francisco:
Chronicle Books, 197h.

Yanev states that "Most such buildings [split-level and multi-story
houses or apartment buildings with garage underneath] have been
constructed since the early 1950's, and in the only three earth-
quakes to strike heavily populated areas of California since 1952 -
all moderate shocks - these buildings suffered a very dispropor-—
tionate amount of the total damage.

The reascn for the failure of these buildings is obvious. They are
inherently weaker than eonventional buildings resting wholly on the
ground, because the large garage door and any other windows and
doors on the lower garage level constitute a large portion of the
wall area which must carry and resist the brunt of the earthguake
forces. The garage level is, in effect, 2 foundation with only
three walls," (vp. 197-199)

C. Performance of
Specific Buildings
in Past Earthquakes

Although any failure must involve materials, the materials sclence
aspect to a particular failure may be quite unimportant while the
issues of detailing, for example, may be quite pertinent. Simi~
larly, since all buildings have configurations, all examples of good
or bad periormance could be logically related to the configuration
topie, but this would not usefully identify those cases in which
anything useful concerning configuration has been learned.

Generally the following cascs involve a poor configuration which
contributed significantly to damage, although in some cases en-
gineers who have studied the building would consider configuration
to be only one of several contributing factors, and a few examples
of good performance are included as weil. Qlive View Hospital is

a good example of a case involving multiple and major configuration
issues as well as quite significant issues concerning reinforcement,
detailing, ground motion parameters, design force levels, and
ductility. Hence this is not a list of buildings whose damage was
“caused" by configuration, although in many cases confliguration was
the paramount factor. In other cases, there is a suggestive link
between configuration and performance which has not yet been ver—
ified due to lack of existing informatieon. Even in cases where
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1835 Chile

1886 Charleston,
Bouth Carclina

190é& San Francisco

1925 BSanta Barbara,
California

configuration is obviously a major if not the controlling factor,
subsequent research generally emphasizes other subJects, such as
materials, at the expense of any in-depth analysis of configuration:
More attention should be focused on the configuration subject in
future earthguake analysis.

Darwin, Charles, The Voyage Of The Beagle, Garden City, New York:
Doubleday.

Directionality of ground motion in Concepcion and damage to walls
of various orientation among dwellings and in the cathedral are
noted. (p. 303-310)

Dutton, Clarence Edward, The Charlieston Earthcguake Of August 31,
1886, Washington: Government Printing Office, 1890, reprinted
1979 {U.3. Geological Survey).

-~ Hastie House, Summerville and similar houses in Charleston
{(soft story).

American Soclety Of Civil Engineers, "The Effects Of The San
Prancisco Earthquake Of April 18, 1906 On Engineering Construc-
tions," ASCE Proceedings, Vol. 33, No. 2, March 1607.

Gilbert, Grove Karl, Humphrey, Richard Lewis, Sewell, John

Stephen, and Soulé, Frank, The San Francisco Farthquake And Fire OF
April 18, 1906, Washington, D.C.: 1907 (reprinted edition by

San Francisco Historical Publishing Co., n.d.}.

Lawson, Andrew C., et al, The California Earthquake Of April 18,
1906: Report Of The State Earthquake Investigation Commission,
Washington, D.C.: Carnegie Institution, 1908, reprinted 1969,

- Morrell Ranch, Santa Clara County {soft story). (p. 276-27T)

~ Bolinas Lagoon waterfront structures (soft story due to piles)

Page, Robert A., Blume, John A., and Joyner, William B., "Earth-
guake Shaking And Damage To Buildings," Science, Vol. 189, Ne. 4203,
August 22, 1975.

More noticeable than the presence of configuration-induced damage
in 1906 was its absence, due to the inherently desirable nature of
the architecture of that time from the seismic standpoint, This
paper comments on the good performance of the large mid-rise
buildings in San Francisco, which it partly attributes to the ex-
tensive use of non-calculated but actually lateral load bearing
partitions in cellular office plans, and overall simple configura-
tions.

Dewell, Henry D., and Willis, Bailey, "Earthguake Damage To
Buildings," Bulletin of the Seismological Society of America,
Vol. 15, No. L,

- San Marcos Building (L- shaped plan)

- El Camino Real Garage and Hotel (soft story)

- Carrillo Hotel {soft story)

Olsen, Phil G., and Sylvester, Arthur G., "The Santa Barbara
Earthquake, 29 June 1925," California. Geology, June 1975.
- Ban Marcos Building (L-shaped plan)
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1927 Kita-Tango

1932 Long Beach,
California

194C Imperial Valley,
(nlifornia

1952 Kern County,
California

Okamoto, Shunzd, Introduction To Earthquake Engineering, New York:
John Wiley & Sons, 1973.

"There were houses in the area of most violent earthguake (shaking)
along the Gomura Faull which escaped significant damage, and these
were without exception houses with light rocfs and room arrange-
ments providing a great number of internal walls." (p. 67)

Binder, R.W., "Engineering Aspects Of The 1933 Long Beach Earth-
quake," Proceedings of the Symposium on Farthquake and Blast
Effects on Structures, Los Angeles, June 1952.

"Fmphasis should be placed on the fact that in some cases the
architectural treatment gave certain structures initial Inherent
resistance to seismic disturbances..." {(p. 191)

From the unpublished report of the Earthquake Committee of the
Structural Engineers Association of Southern California: "...Aside
from many schools, collapse was confined largely to stores, markets
and garages, on corners. Ground motion parallel to either street
front of a corner building with two walls cut up by show windows
will tend to produce twisting about a vertical axis. This tend-
ency to twist accounts in part for the more freguent collapse and
generally greater damage to corner buildings. It did not, however,
agversely affect all such buildings, many of which suffered no more
than those on interior lots... although most of the buildings of
this type had walls of unit masonry, there were a number with
bearing walls of reinforced concrete. These latter suffered much
less than the former and none of the reinforced concrete walls
collapsed, but the damage was nevertheless sufficient to indicate
that merely the substituiion of reinforced concrete for unit
masonry will not render this type of building completely immune
I'rom earthquake hazard... the first story of a very old three=-
story hotel on Pier Avenue in Naples spread out and let the upper
two stories suddenly settle down vertically. Not originally in-
tended Tor this purpose, this builiding had been converted for use
as a hotel by the removal of most of the partitions in the first
floor." {p. 193 and 195)

From the Millikan Report: A dozen important conclusions based on
cbservations of damage include the importance of "considering the
proportions and shape of the structure," "eliminating unnecessary
dead weight,” "providing for torsional effects,” "providing for
the necessary separation {rom adjacent structures." {p. 205)

Ulrich, Franklin P., "The Imperial Valley Earthquakes Of 19L0,"
Bulletin of the Seismological Scociety of America, Vol. 31, No. 1,
(January 19h1).

~ Woodrow Hotel, Brawley (soft-story)

Steinbrugge, Karl V., and Moran, Donald F., "An Engineering Study
Of The Scouthern Californis Earthquake Of July 21, 1952 And Its
Aftershocks,"” Bulletin of the Seismological Society of America,
Vol. Lk, No. 2B, (April 195h).

-~ Brock's Department Store {(asymmetric wall layout, torsion)

- Kern General Hospital {re-entrant corners)

The authors recognized several single family house design trends
in thelr infancy at that time which have subsequently grown
steadily: 'the excessive number of exterior wall openings often
found in many modern homes. Many residences, for example have
continuous picture windows in addition to & double garage door
opening. The lack of balanced resisting elements can cause damage
due to twisting and racking... Stecp hillsides are now being
covered with homes. One side of the residence may be one-story
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1954 Fallon,
Nevada

1957 Daly City,
California

1960 Agadir,
Morocco

1960 Chile

while the other may be two or three stories... Construction in

some instances asmounts to no more than a bullding on stilts...it is
probable that the overall behavior of wood frame dwellings in future
shocks may not be as good as it has been in past shocks." {p. 225)

- EHaberfelde Building (pounding)

- Pacific Fire Rating Bureau file #'s 194, 397, 556, and 2251
(pounding damage to medium-rise buildings in Los Angeles)

Steinbrugge, Karl V., and Moran,Donald F,, "Damage Caused By The
Earthquakes Of July 6 And August 23, 195h," Bulletin of the
Seismological Societly of America, Vol. 46, No. 1, (January 1956).
~ Main Street commercial buildings {pounding)

Steinbrugge, Xerl V., Bush, Vincent R., and Zacher, Edwin G.,
"Damage To Buildings And Other Structures During The Earthquake Of
March 22, 1957," in Qakeshott, Gordon B., ed., San Francisco Earth-
quakes Of March 1957, Californis Division of Mines and Geology
Special Report ST, 1959.

-~ single family two story houses: "Many of these wood frame
structures are located on 25 foot - or somewhat wider - lots, and

~often no space exists between the sides of adjoining dwellings.

Alsc these homes are conventionally two-story. The gerage, laundry
areas, storage areas, etc., are in the first story; the second story
is living space. An arrangement of this type leads to numercus
partitions in the second story with a minimum number of partitions
in the [irst story. The front wall in the Tirst story has numerous
openings. The rear wall of the story has fewer openings than the
front. Many of the side walls have no openings. The result is a
building which in general is weak in the first story especially
against transverse lateral forces. This basic house design is
charaeteristic of a great many homes in San Francisco and Daly City
and has been used by many builders. The degree of lateral force
stability will vary somewhat with the design used by the individual
builder, but the transverse lateral force resistance of the first
story is theoretically the weakest region in practieally all cases. "

{p. 76~7T7)

Kirkland, W.G., Binder, R.W., Clough, R.W., and Higgins, T.R., "The
Agadir, Morocco Earthquake, February 29, 1960," Earthquakes,
Washington, D.C.: American Tron and Steel Institute, 1975.

~ Sud Building (L-shaped plan)

~ apartment bullding across the street from Sud Building (soft
story)

- La Reserve Restaurant (soft story)

- Immeuble Paternal (soft story)

- New City commercial buildings {soft story, soft front wall,
bracing provided accidentally by roll-down stecl doors)

Clough, Ray W., and Jenschke, Vietor, A., "The Effect Of Diagonal
Bracing On The Barthquake Performance Of A Stecl Frame Building,”
Bulletin of the Seismological Society of America, Vol, 53, No. 2,
{February 1963),

"Diagonal bracing, intended to increase the lateral strength of two
steel frame buildings at the University of Concepcion, was broken
by the Chile earthquake of May 21, 1960. The unbraced structures
then resisted the earthquake of May 22 with no further structural
damage, thus raising the questicn whether the bracing was either
necessary or beneficial., The results indicate that for some earth-
quakes, Lhe bracing may be beneficial. However, for olher cases,
the bracing induces increased [orces in the frame which exceed *°
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1963 Skoplie,
Yugoszslavia

strengthening effect of the bracing. Thus the unbraced structure
actually may be less earthquake resistant than if it were braced."
(p. 289)

Although confined to elastic analysis, the authors suggest that if
inelastic behavior is considered, the bracing's counnections could
suddenly fail and the bracing would contribute little energy ab-
sorption.

Portland Cement Asscciation, "The Behavior Of Reinforced Concrete
Buildings In The Chilean Earthquakes Of May 1960," Skokie, Illinois:
Portland Cement Association, 1963.

- hotel, Puerto Montt {pounding}

- Seminaric, Puerto Montt (L-shaped plan)

— Prales Building {good performarice; yet had an H-shaped plan)

- Valdivia post office (asymmetrical shear wall layout)

~ Traumatologico Hospital {(L-shaped plan)

- Regional Hospital {pounding)

"Torsional effects were often computed precisely and painstakingly
and the columns and walls arranged in such a manner as to eliminate
computed torsion, In other words, the center of rigidity was made
to coincide with the center of mass, Nevertheless, as previcusly
reported, there were instances of torsional distress.,.. Provisions
for accidental torsion are necessary even for symmetrical struc-
tures because of the random character of seismic motion and strue-
tural resistance." {p. 30)

Steinbrugge, Karl V., and Flores, Rodrigo A., "The Chilean Earth-
quake OFf May 1960: A Structural Enginecring Viewpoint,” Bulletin
of6the Seismological Society of America, Vol. 53, No. 2, (February
1963).

- C(Carlos Anwandter School (torsion, "nonstructural" masonry in-
111 ecreating short column probhlem, lack of longitudinal as com-
pared to transverse walls)

- Regional Hespital, Veldivia {torsion, pounding, holes in shear
walls, reliance on interiocr core for lateral resistance)

- Seminario, Puertc Montt (L-shaped plan)

Berg, Glen V., "The Skopje, Yugoslavia Earthquake, July 26, 1063,"
Earthquakes, Washington, D,C.: American Iron and Steel Institute,
1975.
- Skopje Fairgrounds Hall (unequal column heights)

- Feminine Secondary School {unequal column heights)

- Zeleznicka Street Apartments (soft ground story)

- Student Club (asymmetry)

-~ New Technical Faculty, Orce Nikclov apartment building, Student
Club, Zeleznicka Strect apartment building (“nonstructural™ infill
stiffened columns and attracted more load to them)

Muto, Kiyoshi, Okamoto, Shunzo, and Hisada, Toshihiko, Rcport Of The
Japanese Earthquake Engineering Mission To Yugoslavia, Tokyo: Over-
seas Technical Cooperative Agency, Cctober 1963,

"The most remarkable feature of the damage to the buildings whose
first story was used as shops was the big distortion of that story
caused by the failure of isclated columns." (p. 10). As in the

case of Caracas in 1967, the combination of a reinforced concrete
frame/masonry infill construction system and soft first story con-
{iguration was shown to be espeecially vulnerable.
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196k Alaska

Ayres, J. Marx, Sun, Tseng-Yao, and Brown, Frederick R. , "Report

On Non—Structural Damage To Buildings Due To The March 27 1564
Alaska Earthquake," National Academy of Sciences, August 15, 1967.

- Hodge Building (seismic separation joint and piping detail per-
formed well)

— Elmendorf Air Force Base Hospital (damage to piping crossing
Joints)

"In tall structures the seismic separations between structural units
often can exceed 12 inches and design engineers should try to aveid
all pipe crossings on the upper floors." (p. T4)

Berg, Glen V., and Stratta, James L., "Anchorage And The Alaska
Barthquake Of March 27, 196L," Earthquakes, Washington, D.C.:
American Iron and Steel Institute, 1975.

- J.C., Penney Building (torsion)

-~ West Anchorage High School (L-shaped plan)

Meehan, John F., "The Reponse Of Several Public School Buildings

In Anchorage, Alaska, To The March 27, 1964 Earthquake," in Fergus
J. Wood, editor, The Prince William Sound, Alaska, Earthquake Of
1964 And Aftershocks, Washington, D.C.: Government Printing Office,
1967, (Coast and Geodetic Survey).

- West Anchorage High School (L-shaped plan)

~ (lark Junior HEigh School (T-shaped plan)

Steinbrugge, Karl V., Manning, John H., and Degenkolb, Henry J.,
"Building Damage In Anchorage," in Fergus J. Wood, editor, The
Prince William Sound, Alaska, Earthquake Of 1964 And Aftershocks,
Washington, D.C.: Govermment Printing Office, 1967, (Coast and
Geodetic Survey).

~ Hedge Building (separation joints)

~ Pepsi-Cola Plant (setback, or unegual roof helghts)

- Knik Arm Plant, Chugach Electric Association (asymmetric dis-
position of mass)

- Mb, McKinley Building (weak corners, holes in shear walls)

—~ Anchorage-Westward Hotel (pounding)

- J.C. Penney Building (asymmetric wall layout, torsion)

- Elmendorf Hospital (separation joints, re-entrant corner)

- Alasks Methodist University (pounding)

~ Knik Arms Apartment House, Hodge Building, St. Mary's Residence,
Magka Native Hospital (re-entrant corner forms, bhut good perform-
ance)

~ Four Seasons Apartment House: In addition to rebar splice and
slab connection details, the authors emphasize the inegquality of
strength and stiffness between the building's two cores. "There
is really no accurate way of determining the relative stiffness of
these walls and applying deflection formulas to them. Judgement
must inevitably play a large role.,. Any one of the following
factors may change a designer's estimate by 100 percent.”

(1) Toundation rocking, (2) vertical load distribution, (3) effect
of holes in walls, (%) inelastic, cracked section behavior, "It
would appear that the safest approach to this design problem, at
present, is to use shear walls that are completely determinate...
(1) A single shear wall centrally placed, (2) two or more sym-—
metrically placed shear walls of identical dimension and layout,
(3] two shear walls so placed that each carries a determinate amount
(such as the reactions at the ends of a simple span beam), and (L)
a series of shear walls where conditions of (1), {2), or (3) would
resuit after some of the existing walls not needed in the analysis
had failed... This is the Tirst known collapse of a multistory
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1967 Venezuela

structure in North America due to reinforced concrete shear wall
failure and also the first case of shear wall tower complete fail-
ure by turning over." {p. 191-192)

Hanson, Robert D., and Degenkolb, Henry J., "The Venezuela Farth-
quake, July 29, 1967," in Earthquakes, Washington, D.C.! American
Iron and Steel Institute, 1975.

Portland Cement Association, "Preliminary Report: The Behavior

Of Reinforced Concrete Structures In The Caracas, Venezuela Earth-
quake Of July 29, 1967," Portliand Cement Association, n.d.

Palace Corvin: "consisted of two similar buildings connected by a
structurally independent elevator and stairway core. The west wing,
which withstood the earthquake, had partitions extending to the
ground floor... The collapsed wing was reported to be similar in
construction except that the lower floor was open for parking with
freestanding columns." (p. 13)

-~ Neveri (asymmetry)

- Macuto Sheraton (short column, discontinuous shear wall)

- Mobil (exterior asymmetric core)

-~ Plaza I (good performance, H-plan)

- Naiguata Beach House {unequal column heights)

- Atlantic (inverted setback)

Caromay: "The shape of the building has a profound effect on the
response to lateral forces. Tor example, the curved Carcmay
building responded as a vertical cylindrical shell and not as in-
dividual radial frames as designed.” (p. 26)

"Very frequently the partitions and exterior walls are terminated
in the first story to permit an open ground floor for commercial
use... The resulting sudden change in stiffness from infilled
partitions to freestanding columms affected the behavior of these
structures...” {p. 8)

"Corner columns were most susceptible to compression failures, since
the infill walls and partitions created a rigid shear wall that re-—
sponded like a cantilever with high overturning moments and result-
ant high axial forces in corner cclumns." {p. 10)

"The stalrcase cast monoclithically with the frame behaved like a
truss, and because of its rigidity, it attracted large lateral
forces," (p. 12)

Steinbrugge, Karl V., "Appendix A: Comparative Building Damage,”
in A.F. Espinosa and S.T. Algermissen, A Study Cf Soil Ampliification

Factors In Barthquake Damage Areas, Caracas, Venezmuela, Washington,
D.C.: Gevernment Printing Office, 1972, (National Oceanic and
Atmospheric Administration).

Stair/elevator cores were often externalized, sometimes forming
the link between two dwelling unit towers 1o produce a dumbell or
I plan; or complex plans were devised to produce light courts:
Palace Corvin, San Jose Building, Coral, Cyress Garden, Covent
Garden, Mene Grande, Royal San Bosco, Union, Pasaquire, Amalfi,
Guipelia, T.e Roc, Club Puerto Azul. The Mobil building had an
eccentric external core which was intentionally left as a frame,
rather than strengthening with walls, following the earthquake, so
that torsion problems would not be created.

Soft ground stories were endemic due to the typical masonry in-
filling of the frame, (for external enclosure znd for internal
room separations) in all upper stories while the ground story
columns were left free standing (to allow for parking, shops, or
lobby): San Bosco, Laguna Beach (lub, Blue Palace, Altamira,
Sucre, Catia La Mar, Amalfi, Petunia 11, Maria Luisa, San Jose,
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1968 Tokachi-oki

Palace Corvin, Mijagual, Neveri, Marco Aurelio.

- Naiguata Beach Club (unequal column height)

—~ Macuto Sheraton, Gran Hotel, Lang, Wobel {(pounding)

~ Caromay Building (esymmetric shear wall arrangement at basement
level but no apparent torsional damage)

From Hanson's and Degenkolb's conclusions: "The addition of the
shear walls [tc a damaged bullding], unless Jjudiciously placed,
could introduce torsion problems where none had existed and the
building could have lower total strength than it had before re-
inforcement." (p. 309)

"The haphazard placement of non-structural elements carn introduce
torsion where none was intended." {p. 312)

"Most of the taller apartments had many tile partitions and tile
exterior walls that acted as shear walls, at least until the tile
failed. The ground floor, however, was often devoted to commercial
space or automobile parking so the tile walls were not continued to
the ground. This concentrated the forces, deformation and energy
absorption in the first story with the consequent damage at that
point... There is a strong architectural tendency throughout the
world to have an open Tirst floor - 'to place the building on
"stil1ts" as it were. As one structural engineer put it -
"Architects like to build their buildings with ro visible means of
support.,' It cannot be emphasized too strongly that current earth-
quake code requirements sre not based on this type of dynamic
stiffness distribution, and potentially a great amount of trouble
should be expected where these bulldings are built to minimum code
requirements in areas subject to great earthquake shocks. The
damage to many buildings in Caracas gives ample warning as to what
lies ahead on the West Coast of the United States.™ {p. 31h)

Ogura, Koichiro, "Outline Of Damage To Reinforced Concrete (omstruc-—
tion,”" Ziro Suzuki, editor, General Report On The Tokachi-Oki Earth-
quake Of 1968, Tokyo: Keigaku Publishing Co.,Itd., 1971.

Buildings are divided into configuration categories: 1. "Box type
reinforced concrgte structures whose guantity of walls amount to
more than 10cm/m~ [one lineal foot per 32-1/2 square feet] or so in
both span direction and longitudinal direction, remained unhurt
without any remarkable cracks on their walls..." 2. In reinforced
concrete wall/frame structures having about 5 cm/mZ wall length/
floor ares ratios, "arranged in good balance,” the walls were
cracked but frames were only slightly eracked. Strong beam/weak
column situations, such as commonly occurred in schools and in a
railway station, more seriocus column damage occurred. 3. Rein-
forced concrete frames having either weak walls or no walls
performed the worst. (Frame design not necessarily state~of-the-
art.) (pp.u8L-L85)

- Misawa Commerce High School (separation joint, strong beam/weak
column)

- Hachinohe Higashi High School (strong beam/weak column)

- Hachinohe City Office (asymmetry, amouut of walls, soft top
story)

- Okamisawa Primary School (exterior core)

- FKitazato University (more longitudinal walls than usual along
corridor, good performance)




1970 Peru

1971 San Fernando,
California
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Okada, Tsuneo, et al, "Analysis Of The Hachinche Library Damaged
By '68 Tokachi-Oki Farthaquake," Proceedings of the U.S5,-Japan
Seminar On Earthguake Engineering With Emphasis On The Safety Of
Schocl Buildings, 1970, Tockyo: Japan Earthquake Engineering Pro-
motion Society, 1971, '

- Hachinohe Library (asymmetry, torsion)

Shiga, Toshic, Shibata, Akenori, Onose, Junichi, and Eagio, Kenji,
"Torsional Response Of Structures To Barthguake Motion," Proceedings
Of The U.S.-Japan Seminar On Earthaquake Engineering With Emphasis

On The Safety Of School Buildings, 1970, Tokyo: Japan Earthquake
Engineering Promotion Scciety, 1971.

The damage pattern experienced by the Kamikita Agricultural Co-
operative Office in the 1968 Tokachi-oki earthquake indicates tor-
slonal motion, and this could be predicted from the asymmetrical
wall layout.

Shiga, Toshio, "Earthquake Damage And The Amount Of Walls In Re-
inforced Concrete Buildings," Sixth World Conference On Earthquake
Engineering, 1977.

Analysis of 245 buildings in terms of wall area/floor area and
column area/floor area indexes and average nominal ground story
shear stress/damage correlations, With the exception of the
addition of the shear stress index, this study 1s similar to an
earlier statistical study of the 1923 Kanto earthquake (K. Nakagawa,
I. Kamei, and S. Kekusho, "Relzstion Between Earthouske Damage And
The Amount of Walls In Reinforced Conerete Buildings," Transactions
of the Architectural Institule of Japan, No. 60, 1958 (in Japancse),

Fattal, S5,G., "Structural Performance Of Low-Cost THousing And
Community Buildings Under Earthgueke Conditions," in William F. Reps
and Emil Simiu, editors, Design, Siting And Construction Of Low-
Cost Heousing And Community Buildings To Better Withstand Farthquakes
And Windstorms, Washington, D.C.: Govermment Printing Office, 1974,
(National Bureau Cf Standards).

- apartment house, Chimbote {excessive wall openings) (p. 16)

- house, Casma {(unbalanced wall arrangement)

Barnes, S5.B., and Pinkham, C.W., "Holy Cross Hospital," in Leonard
Murphy, co-ordinator, San Fernando, California, Barthguake Of
February 9, 1971, Washington, D.C.: Government Printing Office,
1973, (National Oceanic and Atmospheric Administration).

- lHoly Cross Hospital {L-shaped plan)

"The north wing was of sufficient sizc to be a significant dynamic
irregularity. ©Separation of this wing with an independent lateral
force - resisting system would have improved the overall perform-
ance of the building." {p. 253)

Frazier, G.A., Wood, J.H., and Housner, G.W., "Farthquake Damage To
Buildings," in Paul €. Jennings, editor, Engineering Fegtures Of
The San Fernando Earthquake Of February 9, 1971, Earthquake
Engineering Research Laboratory, California Institute Of Technology,
June 1971.

- Qlive View Hospital {soft story)

- house-over-garage dwellings in Sylmar {also split-level)

"The large garage area with a nearly open wall for the door has
insufficient lateral strength to support the horizontal inertial
loads of the overhead structure." (p. 290)
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Getes, William E,, "KB Valley Center," in Leonard Murphy, co-
ordinator, San Fernando, California, Earthquake Of February g, 1971,
Washington, D.C.: GCovermnment Printing Cffice, 1973, (National
Oceanic and Atmospheriec Administration).

KB Valiey Center: Seismic separation joints were used on two sides
of the building to isolate an adjacent parking structure and a
masonry fire wall and (o hence maintain symmetricality.

Goers, Ralph W,, A Methodology For Seismic Design And Cconstruction
Of Single-Family Dwellings, Palo Alto, California: Applied Tech-
nology Council (under contract to HUD), September 1976.

~ houses in Sylmar (asymmetric wall layout because of garage
openings, soft story)

Johnston, Roy, G., and Strand, Donald, R., "Olive View Hospital,"

in Leonard Murphy, co-cordinator, San Fernando, California, FEarth-

quake Of February 9, 1971, Washington, D.C.: Government Printing

Office, 1973, (National Oceanic and Atmospheric Administration].

~ Olive View Hospital (soft story, discontinuous shear wall, col-
umn shape, seismic separations, torsion)

Lew, H.8., Leyendecker, E.V., and Dikkers, R.D., Engineering As-
pects Of The 1971 San Fernando ®arihquake, Washington, D.C.: Gov-
ernment Printing Office, 1971, {(Wational Bureau of Standards
Building Science Series L40).

~ V.A. Hospital (lack of cross walls)

~ 0Olive View Hospital (soft story)

~ house-over—-garage dwellings in Sylmar

"Collapse frequently occurred due to a wide open-space provided by
the garage door in the end wall, which offered little resistance."

(p. 2kl)

Mehin, Stephen, Berterc, Vitelmo V., Chopra, Anil K., and Collins,
Robert G., Besponse Of The Olive View Hospital Main Building

During The San Fernando Earthquake, Earthquake Engineering Research
Center, University of California, Berkeley, October 1976.

- Olive View Hospital (mass distribubtion, discontinuous shear
wells, pounding, torsion, column shape, soft story)

McClure, Frank E., Performance Of Single Family Dwellings In The
San Fernando Earthquake Of February 9, 1971, Washington, D.C.:
HUD, May 1973, (NTIS #PR-226-293)

~ several houses in Sylmer, California, {house-over-garage and
split level)

"The performance of the dwellings was influenced primarily by the
number of stories and the deslgn configuration of the dwellings...
The primary cause of the overall damage to the dwellings was the
lack of adequate lateral bracing in the bracing walls. This was
caused by excessive door and window openings..." (p. 8)

Pinkham, Clarkson W., "Summary Of Conclusions And Recommendations,"
in Leonard Murphy, co-ordinator, San Fernando, Califlornia Earth-—
quake Of February 9, 1971, Washington, D.C.: Government Printing
Office, 1973, (National Oceanic and Atmospheric Administration).
Several subjects are configuration-relaled: split-level houses,
torsion, corner columns, differing dynamic characteristics among
building portions, separation joints, weak links due to complex
stress paths, opening locations in walls.
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1972 Managua,
Nicaragua

1974 Lima,
Peru

1975 Lice,
Turkey

R —

Steinbrugge, Karl V., Schader, Eugene E., and Moran, Donald F.,
"Byilding Damage In San Fernandc Valley," in Gordon B. Oakeshott,
editor, Ban Fernando, California, Earthquake Of 9 February 1971,
Bulletin 166, California Division of Mines and Geology, 1975.
Statistical analyses of demage point to interesting conclusions,
such as "One-story dwellings performed substantially better than
did two-story dwellings, and much better than combination one-and-
two-story dwellings." (p. 334)

Wheeler & Gray, Consulting Engineers, "Vector Electronies" in
Leonard Murphy, co-ordinator, San Fernando, California, Earthgquake
Of February 9, 1971, Washington, D.C.: Government Printing Office,
1973, (National Oceanie and Atmogpheric Administration).

-~ Vector Electronics building {I~-shaped plan)

Yanev, Peter, Peace Of Mind In Earthquake Country, San Francisco:
Chronicle Books, 197kL.

- house-over-garage and split level dwellings (soft story, torsion)
(p. 127, 199, 201, 208)

- mobile homes (soft story) {(p. 1T7)

- cormmercial buildings, San Fernando Valley (pounding) (p. 119)

McLean, Ralph, S., "Three Reinforced Concrete Frame Buildings,
Manague Earthquake, December 1972," Managua, Nicaragus Farthgquake
0f December 23, 1972, EERI Conference Proceedings, Earthquake En-
gineering Research Institute, November 1973, Vol. 1,

- BSocial Security Building (T-shaped plan, slab shear failure
along line of junction of legs where shaft holes were located)

— Other papers dealing with the core layout of the Bancc Centrale
and Banco Americano Buildings are relevant as well,

Wyllie, Loring A., Jr., and Poland, Chris D., "A Documented Vertical
Acceleration Failure,'" Second U.3, National Conference On Earth-
quake Engineering, 1979.

This paper, concerning a building damaged in the 1972 Managus earth-
quake, ig relevant to the configuration subject because it deals
with vertical, rather than horizontal earthquake forces., Although
vertical seismic forces are generally considered to be adequately
accounted for via gravity loads safety factors, seismlc forces can
be exerted upward as well as downward, and unusual configurations
may be especially vulnerable to their action. A reminder that
seismic forces should be presumed to come from any direction, even
if the vertical components may often take care of themselves,

Moran, Donald, et al, Engineering Aspects Of the Lima, Peru Farth-
quake OFf October 3, 1974, Earthqueke Engineering Research In-
stitute, May 1975.

Agricultural University (masonry infill creating short column
effect caused damage in the previous 1966 earthquake; subsequently
the stiffening effect of the enclosure wall was eliminated by
cutting out a vertical strip ol masonry on each side of each column
and filling the gap with compressible filler), "These modifications
were successful in reducing damage" in the 1974 earthguake. (p.39)

Yanev, Peter I,, The Lice, Turkey, Farthguake Of September 6, 1975,
URS/John A, Blume & Asscciates, published in Earthquake Engineering
Research Institute Newsletter, Vol. 9, No. 6B, November 1G75.

(Lice is pronounced Lee-ja}.

Minaret: spiral cracking pattern subsequently identified by Yanev

as due to spiral stairway lccation.
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1976 Mindanao,
Philippines

1976 Friuli,
Ttaly

1976 Caldiran & 1977 Palu,

Turkey

The Turkish seismic code, and a plan for g mass education campaign
for self-built housing, are reprinted in appendices. The Turkish
code is cne of several codes in use in the world (but not in-
cluding any U.S. codes) which offers detailed preseriptive rules of
thumb for the layout of small non-engineered buildings: size of
wall openings and rooms, length of unperforated walls at corners,
etc.

Stratta, James L., et al, Mindanao, Philippines Farthquake,
August 17, 1976, Barthquake Engineering Research Institute,
August 1977.

- Sultan Hotel {torsion due to 3-sided box layout, solt story)

- New Society Hotel (torsion due to two adjacent sides of the box
being shear walled, while the other two sides which had exposure
due te the corner lot condition were frames; soft story due to
first story height)

- Tmperial Hotel (scft story due to tall columns, pounding)
Ground motion was apparently predominantly east-west. "It should
be noted that the major streets run east to west and most of the
structures noted above were located on these streets. ©Bince

~ buildings have large openings on the streets they face, their

weaker direction will be parallel to the front of the building.
This configuration undoubtedly contributed to some of the problens
encountered.” (p. 66)

- typical elevated pole-framed, thatched roof dwellings (soft
story condition apparently nmitigated . by ground story diagonsl
braces which may have been intended as livestock barriers rather
than structural members).

- well-to-do wood frame dwelling, lumberyard, Cotabate City {soft
story: second level living area was shear walled by wood paneling;
ground level consisted only of wood pests to allow space for lumber
storage beneath dwelling).

Stratta, James L., and Wyllie, Loring A., Reconnaissance Report:
Friuli, Ttaly Farthquakes Cf 1976, Farthquake Engineering Research
Institute, August 1979,

~ houses: "Because of addition upon addition, they had developed
L or U shapes or other irregular configurations which compounded
the problem of seismic resistance. The homes were alsc usually two
or three stories in height, freguently with shops or restaurants

in the first story." {(p. T) )

- Elite Condominium {soft ground story due to lack of ground story
masonry infill)

-~ Zorutti Condominium (L-shaped plan separated into two rectangles;
unit with fewer ground story infill walls leaned after the May 6
earthquake and ccllapsed after the September 15 earthguake).

- ©Snaidero Cffice Building (holes in shear walls, soft upper story,
asymmetric core, coupled core—column)

- Gemona Hospital (soft second story, asymmetric core, torsion,
discontinuous shear wall)

- Artegna 3-story structure (soft ground story)

Baylilke, Nejat, "Behavior COf Brick Masonry Duildings During Earth-
quakes," Seminar On Constructions Tn Seismic Zones, Bergamo-Udine,
Italy, 1978, International Association For Bridge And Structural
Englneering.

Wall length/floor area ratics are correlated with damage. Turkish
practice and regulations concerning proportional rules for plan
layout, wall openings and vertical distribution of material are
discussed.
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1977 Romania Fattal, George, Simiu, Enil, and Culver, Charles, Observations On
The Behavior Of Buildings In The Romania Earthguake Of March k&,
1977, Washington, D.C.: Govermment Printing Office, 1977,
{National Bureau of Standards).

Pre-World War IT eight - twelve story concrete frame apartment
buildings had typical characteristics: "The first story is
generally higher than all the rest and is almost void of walls to
accommodate stores and other non-regidential facilities. In the
upper stories, masonry infill walls and partitions are used
liberally to provide encliosure for apartment or office space, and
to function as lateral bracing against wind action, As a result,
the structure is characterized by laterally stiff upper stories
resting on relatively flexible coclumns at the ground level... The
end and corner units tend to be particularly nop-uniform in layout.”
{p. 12). Columns were not always aligned from one story to the
next.

Extensive damage to this type of construction occurred in both
this earthquake of 1977 and in the previous major Bucharest earth-
quake of 1940.

- Wilson Apartments (soft story)

—~ Bnagov Street residential building (large story height, holes
in walls, slender piers)

- Duares Building (soft story, setbacks)

- Lido Building {(U-shaped plan)

- Casata Bullding {pounding, setbacks)

~ Turist Building {soft story)

- Metalimport Building (setbacks, IL-shaped plan)

- Mercerie Building (soft s‘hory)

Post-World War II poured-in-place or pre-cast panel concrete sys-
tems Tended to be designed with symmetrical, cellular plans that
were rationalized for structural and production reasons, Only
three of the more than 30 buildings which collapsed in Bucharest
were in this category.

- (Computer Center (lack of redundancy)

- Building 17, new concrete frame construction (unequal column
lengths, pounding)

In addition to concrete and masonry detailing and construction
practices, the authors singled out soft stories, irregular plans
and vertical discontinuities, setbacks, and pounding as major
issues in their conclusions. (p. 68-69)

Iordéchescu, E., Zorapapel, T., Marcovici, D., and Danci, G.,
"Statistical Survey Of The Performance Of One Standard-Desien
Type Of High-Rise Reinforced-Concrete Shear-Wall Apartment
Buildings, In Bucharest, During The March L, 1977 Romania Farth-
gquake," Second U,S. National Conference On Barthguake Enginecring,
1979.

This earthquake is distinguished by the relatively unusual con-
Junction of two conditions: ground motion with marked direction-
ality, and a sample of over 100 approximately identical large
apartment buildings. The significance of the orientatlion of the
buildings, and their transverse and longitudinal plan character-
istics, are hence emphasized to a grealt extent.

1978 Miyagi-ken-oki, Arpold, Christopher, "Architectural Aspects,” in Peter T. Yanev,
Japan editor, Miyagi-ken-oki, Japan Barthquake, June 12, 1978, Earth-
quake Engineering Research Institute, December 1978.
- Kinoshita Building (shear wall layout)
- Obisan Building (staircase location, torsion)
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1978 Santa Barbara,
California

1979 Imperial Valley,
California

- Tonan High School, Tohoku Institute of Technology, Izumi High
School (strong beam, weak column)

- Sunnyheights apartment building (L-shaped plan divided into two
rectangles via seismic joint; shear wall layout; lack of longi-
tudinal bearing/shear walls)

Cocper, James D., Bllingwcod, Bruce R., and Yanev, Peter I., "En-
gineering Aspects,” in Peter I. Yanev, editor, Miyagi-ken-oki,
Japan FEarthquake, June 12, 1978, Earthquake Fngineering Research
Institute, December 1978.

- Obisan Building {soft first story, torsion)

~ Paloma Building (asymmetry; columns at one end, shear wall at
the other)

- Tonan High School (shear wall layout; walls were used along the
less heavily shaken axis only, resulting in extensive damage. A
nearby similar structure, oriented at right angles, was undamaged)
— (Concrete Bateh Plant, Sendai (structural units of disparate
dynsmic properties damaged at their interfaces)

Kawamata, Shigeya, and Ohnuma, Masaaki,"Strengthening Effect OF
Eccentric Steel Braces To Existing Reinforced Concrete Frames,"
Seventh World Conference On Earthquake Engineering, 1980.
Describes damage suffered by a large concrete Trame buillding at
Tohoku University as well as the innovative rehab system devised
to strengthen it: external steel x-bracing. Elimination of the
strong beam/weak column problem caused by deeper north spandrels
was accomplished by drilling holes in these spandrels near the
column Joint.

Miller, Richard K., and Felszeghy, Stephen F., Engineering Features
O0f The Santa Barbara Earthgnake Of August 13, 1978, Earthgquake
Engineering Research Institute, December 1978.

Several buildings discussed in Chapter 7, {North Hall, Anacapa
Residence Hall, Engineering Building) illustrate interesting issues
concerning shear wall layout. North Hall's seismic rehabilitation,
involving the addition of shear walls in a very symmetrical layout,
was completed two years before the earthquake, which produced
approximately 1/2g peak ground acceleration and lg upper story
acceleration and which was directionally weighted along the
building's transverse axis, which was the axis most strengthened by
the rehab project. Damage was moderate during this severe but
brief ground shaking. Comparison of pre-— and post-rehab plans
provokes speculation oun the question of whether the pre-rehad plan,
without the extra interior transverse shear walls, would have
sulfered extreme damage.

Arnold, Christopher, "Architectural Implications," in David J.
Leeds, editor, Reconnaissance Report: Imperial County, Celifornia,
Barthquake October 15, 1979, Earthquake Engineering Research
Institute, February 1980,
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D. Research Reports

general

Analytical or experimental work concerning configuration-related
topics.

Blume, John A., and Jhaveri, Dilip, "Time History Responge Of
Buildings With Unusual Configurations,"” Fourth World Conference On
Earthquake Engineering, 1969,

"The earthquake response analyses of unusual buildings - whether
'ynusual' refers to geometry, to size, to shape, to asymmetry, and/
or to risk and the consegquences of failure - can now be, and should
be, accomplished by time-history or other realistic methods...
Generally, the design values obtained from normal seismic code pro-
visions applied to unusual structures, are much less than those ob-
tained from specific response analyses." {(Volume II, p.A3-16L)

Blume, John A., "On Instrumental Versus Effective Acceleration, And
Design Coefficients," Second U.S. National Conference On Earthguake
Engineering, 1979.

The paper is primarily concerned with the broader question of why
buildings which are designed for ostensibly small base shears per-
form well even though earthquakes produce what appear to be exces-
sive acceleration. Tangentially, two configuration topics are men-
tioned: ground story ductility as a convenient indicator of overall
building strength, and redundancy as & significant and desirable
attribute.

Clough, Ray W., Benuska, K. Lee, and T.Y. Lin And Associates, FHA
Study Of Seismic Design (riteria For High-Rise Puildings, (EUD TS-3,
August 1966).

Section 2 analyzes a hypothetical high-rise design {(Building E/20)
with varying amounts and layouts of shear wall. The analysis of
the total collapse of the TFour Seascns Apartment Building in the
1964 Alaska earthgquake, although it emphasizes a non-configuration
cause (bond failure st splice points in the core wall reinforce-
ment ), is of configuration interest in showing the configuration-
caused structural disparity between two ostensibly similar cores.

Clough, B.W., "The Finite Element After Twenty-Five Years - & Per-
sonal View," Engineering Application Of The Finite Element Method,
A.3. Computas, Norway, 1979.

“"Almost a decade ago I became concerned that the advancement of
structural analysis capabilities was progressing much more rapidly
than was knowledge of the basic material and structural component
behavior mechanisms, at least for the non-linear response range.
This deficiency of experimental data was particularly evident in
the Tield ol earthquake resistant design, where the structural per-
formance must be evaluated during large cyclic excursions intc the
non-~linear range. Therefore, during most of the past decade I have
Tollowed this alternative path of dynamic experimental research,
and have been involved only peripherally with recent developments
in the finite elcment fleld.

At the outlset of this review, it is important to express my concern
over the tendency for users of the finite element method tc become
inereasingly impressed by the sheer power of the computer proce-
dure, and decreasingly concerned with relating the computer output
to the expected behavior of the real structure under investigation."
(volume I, p. 1.2)
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torsion

Leutheusser, Hans J,, "Influence Of Architectural Features On The
Static Wind Loading Of Buildings," in R.D. Marshell and H.C.5. Thom,
editors, Proceedings Of Technical Meeting Concerning Wind ILoads On
Buildings And Structures, January 27-28, 1969, Washington D.C.:
Government Printing Office {(National Bureau OF Standards), 1970.
Wind tunnel tests of variously shaped building models: rectangular
prisms, cylinders, shapes with and without parapets and overhangs,
and effects of protruding mullions. Makes no reference to seismic,
and wind forces and seismic forces are distinctly different in na=-
ture, but form is of comparable importance in bhoth fields and the
use of dynamic model testing (wind tunnel tests in this case, or
shake table tests for the earthgquake problem) to study the signifi-
cance of configuration seems closely analogous.

Okamota, T'., and Yokoyama, M., "Earthquake-Resistant Design Theory
For Prefabricated Structures Using Checkered Shear Wall Frames,”
Sixth World Conference On Farthquake Engineering, 1677.

Discussion of structural, architectural, and constructional aspects.

Penzien, Joseph,and Chopra, Anil K., "Earthquake Response Of Append-

_age On A Multi-Story Building," Third World Conference On Barth-

guake Engineering, 1965.

Relaticnships between the mass of the building and mass of append-
age (equipment, penthouse, ete.) and between periods of building
and periods of appendage are discussed.

Severud-Gruzen-Turner, Seismic Desgign: Cost Tmpact On High-Rise
Regidential Structures, NTIS #PB278352 (HUD), September 1977.
Comparative analysis of steel, reinforced concrete, dbrick, and con-
crete block mid-rise apartment buildings of identical plans and
elevations,

"It would be more economical, and have less cost impact on seismic
upgrading if a structural framing scheme were employed keeping
seismic resistance in mind at the design stage, regardless of ma-
terial, rather than forcing a solution on a pre-determined non-
seismic resistive Iraming system." {p. 80)

Stephen , R.M., and Wilson, E.L,, "Dynamic Behavior Of A Pedestal
Base Multistory Building," Second U.8. Natiomal Conference On Earth-
quake Engineering, 1979.

The configuration of this existing building is quite novel. The
bottom twelve stories comprise a smoothly tapering inverted pyramid
of concrete wall construction; the upper thirty stories are steel
frame. This configuration can be clearly "read" from the forced
vibration and analytical mode shapes. In a generic sense, the in-
verse of the soft story case.

Ayre, R.S., "Interconnection Of Translational And Torsional Vibra-
tions In Buildings," Bulletin of the Seismclogical Society of Amer-
iea, Vol. 28, No. 2, (April 1938).

Analysis und small scale dynamic testing of physical models at Stan-
ford., "The chief purpose is to show that horizontal translations
and rotations about vertical axes are usually interconnected."

{p. 89). Ayre points out that symmetry can mean both geometric sym-
metry of a plan form and also the coincidence of the center of ri-
gidity and center of gravity., Symmetrical buildings are presumed
desirable for three reasons: 1) elimination of torsion, 2) simpli-
lication of analysis and 3) less chance of resonance. 'Certainly,
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in designhing to resist such phenomena as earthquakes, for which
there are relatively few engineering data, simplicity seems worth
striving for." (p. 130)

Bouwkamp, J.G., and Blohm, J.K., "Dynamic Response Of A Two~Story
Steel Frame Structure," Bulletin of the Seismological Society of
hmerica, Vol. 56, No. 6, {Decenber 1966).

Torced vibration tests of a building with an asymmetrical wall lay-
out due to corner lot location: +two adjacent walls concrete block,
the other two sides steel rigid frame only.

Bustamente, Jorge I., and Rosenblueth, Emilio, "Building Code Pro-
visions On Torsional Oscillations,” Second World Conference Cn
Farthguake Engineering, 1960.

"mamage from torsional cscillations due to earthquakes has been ob-
served in many buildings."” ‘'Dynamic eccentricity may exceed sta-
tically computed values.” (p. 879). Applicability of one-story
analysis procedures to the multi-story case is discussed with an
example,

Cardona, R., and Esteva, L., "Static Analysis Of Asymmetric Multi-
Story Structures,”" Sixth World Conference On Earthquake Engineering,
1977.

Applies single-story analytical techniques to multi-story case.

BElms, D.G., "Seismic Torsional Effects On Buildings," Bulletin Of
The New Zealand National Society For Earthquake Engineering, Vol.
9, No.l, March 1976.

"Horizontal torsional effeects in buildings are not well understood.
However, they are thought to have ccntributed to a number of zeri-
ous failures... During dynamic testing even completely symmetric
buildings or models have usually shown considerable torsional ef-
fects at some stage." (p. 79). New Zealand code provisions are
more severe than those in use in the U.S.

Irwin, A.W., and Andrew, N., "Performance Of Model Reinforced Con-
crete Cores For Tall Buildings Cycled In Torsion," Sixth World Con-
ference On Barthquake Engineering, 1977.

Static inelastic tests of small scale cores while undergoing ap-
plied torques.

Ishac, M,, and Helidebrecht, A., "Dynamic Response Of Asymmetric Shear
Wall-Frame Building Structures," Sixth World Conference On Earth-
quake Engineering, 1977.

A symmetrical frame with a shear-walled core at one end of the plan
is analyzed. 'The dynamlc reponse of eccentric core buildings can
give eccentricities much larger than normal values calculated in

the code; even doubling the caleculated value to get a design ec-
centricity may not be adequate.” (p. 1363)

Keintzel, Einar, "On The Seismic Analysis Of Unsymmetrical Multi-
Storied Buildings," Fifth Werld Conference On Earthquake Fne-
ineering, 1073.

Coupling of translational and torsional vibrations.
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Krishnamoorthy, G., Young, G.A., and Hegemier, G.A., "Prediction Of
The Torsional Response O0f A Multi-Story Reinforced Concrete Masonry
Building By A Three Dimensional Dynamic Analysis,” Fifth World
Conference On Earthquake Engineering, 1973.

"{I)nnovative asrchitectural features may result in complex, dynamic
response and consequent structural overstress not predictable by a
static analysis..." {p. 129)

Mazilu, P., Sandi, H., and Tecdorescu, D., "Analysis Of Torsional
Oscillations,” Fifth World Conference On Earthquake BEngineering,
1973.

Considers implications of the fact that "seismic motion is non-
synchronous at different contact points of ground and structure,"

{p. 154)

Medearis, Kenneth, ""Coupled Bending And Torsional Oscillations Of
A Modern Skyscraper," Bulletin of the Seismological Society of
America, Vol. 56, No. 4, {August 19566).

Description of anslysis used for the L-shaped L3 story Wells Fargc
Building in San Francisco,

Newmark, Nathan M., "Torsion In Symmetrical Buildings,” Fourth
World Conference On Earthquake Engineering, 1969.

Concludes that a uniform sccidental torsion provision (typically
5% eccentricity) is not rationally related to differing torsional
situations. "Buildings with short periods or high frequencies
should be designed for a larger value of eccentricity than build-
ings with long periods or low frequencies. The UBC, for example,
wmay not provide sufficient torsional resistance for framed build-
ings with periods shorter than about 0.6 sec. or shear wall build-
ings with periods shorter than about 1 sec. A value of accidental
eccentricity of 10 percent of the longer plan dimension would be
reasonable for shorter periods, possibly even increasing to 15 per-
cent at a period of 0.2 sec." {p. A3-29). ™When yielding occurs
because of local weakness it almost certainly will occur at one ex-
treme point [in plan]. Then the symmetry of the structure is im-
paired and further eccentricities are caused which makes yielding
develop further and faster in the already yielded member, since the
center of resistance moves further away from the yielded member.
This indicates that ylelding in torsion may be much more serious
than ylelding in flexure or in linear displacement, and the design
sheuld provide greater assurance of resistance to torsional yield-
ing than to other types of yielding, For this reason, corner col-
umns or end shear walls should be more conservatively designed than
other members of the structure.”" (p. A3-28)

Penzien, Joseph, "Earthquake Response Of Irregularly Shaped Build-
ings," Fourth World Conference On Rarthquake Engineering, 1969.

"To reduce the seismic forces in & building caused by an eccentri-
city, it should be designed so that its fundamental period in tor—
sion differs considerably (preferably higher) from the Tirst lateral
vibration mode of the building." (Volume TT, p.A3-83)

Prasad, B.K. Raghu, and Jagadish, K.S., "The Inelastic Torsicnal Re-
sponse 0f Structures To Earthguake Motions,”" Sixth World Conference
On Barthquake Fngineering, 1977.

Eecentricity is varied in increments to see the results on frame
ductility requirements.
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Rubtenberg, A., Tso, W.K,, and Heidebreeht, A.C,, "Dynamie Properties
Of Asymmetric Wall-Frame Structures," Barthquake Engineering And
Structural Dynamics, Vol, 5, No. 1, January-March 1977.

"The purpose of this paper 1s to present a simple approximate method
for the evaluation of the natural freguencies and mode shapes for

z class of uniform asymmetric wall-frame structures.” (p, L2)

Shiga, Toshio, "Torsional Vibration Of Multi-Storied Bulldings,"”
Third World Conference On Earthguake Bngineering, 1965.
The analytical example is a [ive-story L-shaped bhuilding.

Skinner, R.I., Skilton, D.W.C., and Laws, D.A., "ynbalanced Build-
ings, And Buildings With Light Towers, Under Earthquake Forces,"
Third World Conference On Barthquake Engineering, 1965.
"Torsionally unbalanced buildings, and buildings surmounted by re=-
latively light towers, have special sensitive features which influ-
ence the seismic forces and movements in them. This sensitivity a-
rises when a natural period of the building in translational move-
ment is close to a torsional period in the one case, or to a period
of the tower in the other case. Such buildings call for special
consideration during dynamic analysis.” {(p. 586)

Tso, W.K., and Biswas, J.K., "Torsional Analysis Of Core Wall Struc-
tures," Fifth World Conference On Earthquake Engineering, 1973.

A simplified core layout, two "channel sections” facing each other,
is analyzed for torsion.

Barstein, M,F,, "Dynamics Of Extended-In-Plan Structures In Strong
Earthquakes,” Fourth World Conference On Earthgquake Engineering,
1969.
Considers the scale effect of large structures (masts, power line
supports, large-span single and multi-story buildings) whose dimen-—
sions can become as large as that of seismic waves.

Housner, George W., "The Behavior Of Inverted Pendulum Structures
During Farthquakes,”" Bulletin of the Seismological Society of

America, Vol. 53, No. 2, {February 1963).

"It is shown that there is an unexpected scale effect which makes
the larger of two geometrically similar blocks more stable than the
smaller block. It is also shown that the stability of a tall slen-
der block subjected to earthquake motion is much greater than would
be inferred from its stability against a constant horizontal force.
In light of these facts, the ocecasional survival of a slender struc-
ture that is apparently highly unstable is not surprising.” {(p. 417).
The unexpectedly good performance of "golf-ball-on-a—tee" water
tanks in the 1960 Chile earthguakes is the case in point.

Tguchi, Michio, "A Basic Study On The Behavior Of Long Dimensional
Size Buildings During Earthquakes," Sixth World Conference On Earth-
guake Engineering, 1977.

A "theoretical, though appropriate, analysis of the vertical behav-
ior of long dimensional size structures on the ground, when sub-
jected to the obliguely incident earthquake motion.™ (p. 1400)

Khachign, E.E., "A Study Of Seismic Influences On Structures Consid-
ering Their Length And Height," Sixth World Conference On Earthguake
Fngineering, 1977.
Considers possible implicatlions of the fact that waves do not pro-—
vogate instanianeously along the breadth or up the height of a
structure.




292

A2. BIBLIOGRAPHY

'soft story!

_cept For Multistory Earthquake Structures,

Korchinskiy, I.L., "Seismic Resistivity Of Extended Structures,”
Third Worid Conference On Earthquake Engineering, 1965.
Torsion—-generating ground motion in symmetrical structures is dis-
cussed.

Polyakov, S., Design Of Earthquake Resistant Strucfures, Moscow:
Mir Publishers, 197h.

Soviet code provisions which tabularize size limits according to
construction type and geographic zone, and possible implications
of non-instantaneous wave transmissions are discussed.

Chopra, A.X., Clough, D.P. and Clough, R.W., "Earthquake Resistance
0f Buildings With A 'Soft' First Stery," Earthquake Engineering And
Structural Dynamics, Vol. 1, No. 4, April-June 1973.

Under the presumed loading, the sample design's "first story yield
mechanism mist be designed to accommodate very large displacements,
in excess of 1 foot, if it is to be effective with & flexible struc-
ture." (p. 4)

Fintel, Mark,and Khan, Fazlur R., "Shock-Absorbing Soft Story Con-

" American Concrete In-
stitute Convention, Los Angeles, March 7, 1968.

A proposed soft ground story shock-abscorbing concept in which

ground story reinforced concrete columns are designed to completely
hinge at relatively low force levels, with ground story walls, i-
solated from the second floor by a neoprene pad detail, providing
stability. Upper levels are supposed to remain elastic. Although
the soft story concept in any form, even when advocated by sophis-
ticated engineers as in this case, has been for decades and still is
a very controversial idea, it is important to note that it is the
unintentional, or accidental soft story whiech has been built in
large numbers and which has contributed to significant damage in
many cases, rather than intentional soft story designs. "Base
isolation™ devices are not essentially different from "soft stories’
in theory, bul their scale is quite different. Base isolation
devices have been generally proposed as taking the form of relative-
1y thin layers of structure (rubber blocks, beil bearings, etc.)
inserted between foundation and superstructure, rather than

forming an entire story which has isolative characteristics. Wheth-
er the future "verdicts" on soft stories and base isolation devices
will be similar or not, the soft story is basically a configuration-
related variable whereas the base isolation device 1s considered
here more a question of detailing alone without overall building
configuration being involved, Unintentional and perhaps intention-
al soft stories will remain a major seismic configuration topic for
the loreseeable future.

t

Healey, Timothy J., and Sozen, Mete A., "Experimental Study O The
Dynamic Response Of A Ten-Story Reinforced Concrete Frame With A
Tall First Story," University of Illincis at Urbana-Champaign,
Magust 1978, (Report No. UILU-ENG-78-2012).

Scaled=down ten-story concrete frame with first and tenth stories
20% taller than the others; shaking table vesults compared with
analysis.

Martel, R.R., "Effects Of Earthquakes On Buildings With A Flexible
First Story," Bulletin of the Seismological Society of America, Vol.
19, (September 1929).

A generally negative report on the analysis of one soft story o---*-
type design.
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strong beam/weak column

diaphragm proportion & size

Moehle, Jack P., and Sozen, Mete A., "Earthgueke-3imulation Tests Of
A Ten-5Story Reinforced Concrete Frame With A Discontinued First-
Level Beam," University of Illinecis at Urbana-Champaign, August
1978, (Report No. UILU-ENG-78-201L).

A scaled-down ten-story concrete frame structure was subjected to
1940 E1 Centro N-S motion on a shaking table, and perfarmance was
compared with analysis. The "deletion™ of one second floor beam
span created one two-story high ground level column.

Higashi, Yoichi,and Ohkubo, Masamichi, "Static And Dynamic Loading
Tests Of Reinforced Concrete Frames With Thin Spandrel Or Wing
Walls," Proceedings Of The U,S.-Japan Seminar On Farthquake Engi-
neering With Emphasis On The Safety Of School Buildings, September
21-26, 1970, Sendai, Japan. Tokyo: The Japan Earthquake Engineer-
ing Promotien Society, 1971.

In the 1968 Tokachi-oki earthquake, strong beam/weak column damage
to schools appeared as a recurrent theme: The typical long, narrow,
two or three story reinforced conerete frame structures had very
wide spandrels on the north side but on the gouth, where more glaz-
ing was desired, the beams became narrower. Hence one line of col-
umns were shorter than the other side's, and these took more load
and failed prematurely in shear. The research program described in
this paper was conducted to see the effects of varying the beam/col-
umn stiffness and strength ratios.

Tt is dironie to note that Sendai, the very city where this confer-
ence was held during which several papers pointed out this config-
uration-caused school building problem, later experienced a major
earthquake in 1978 (Miyagi-ken-oki earthquake) and several newly
constructed schools of the same configuration suffered the exact
same patterns of damage, even though reinforcement requirements in
the code had been increased in the interim. Intesrating engineering
research with practice —- architectural as well as engineering prac-
tice —— seems to be a world-wide problem,

Kawamata, Shigeya,and Ohnuma, Masaaki, "Strengthening Effect Of Ee-
centric Steel Braces Tc Bxisting Reinforced Cencrete Frames,” Sev-
enth World Conference On Farthquake Engineering, 1980.

Two Tohoku Institute of Technology buildings were damaged in the
1978 Miyagi-ken-oki earthguake. North-wall frames were stifller,
since spandrels were deeper for less exposure, and hence the strong
beam/weak column problem resulted in column shearing damege. One
building was demolished., the other was strengthened by adding trans-
verse shear walls and longitudinal exteriorly mounted x-bracing,

1n addition, to avoid recurrence of the strong beam/weak column
ef'fect, spandrels were perforated with holee at intersections with
columns to elimipnate the stiffuess disparity.

Blume, John A., Sharpe, Roland, and Flsesser, Eric, "A Structural
Dynamic Investigation Of Fifteen School Bulldings Subjected To Simu-
lated Barthqueke Motion," John A. Blume & Associates, for the Cali-
fornia Division Of Architecture, 1960.

"Long, narrow diaphragms tend to have periocds that 'tune in' to the
most critical part of the earthquake spectrum. DNot only are such
elements subject to damage, but their reactions affect adjoining
parts sueh as wall supports." (p, XVI-T)
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setbacks

Rutherford and Chekene, Consulting Engineers, "Evaluation Of Seis-
mic Resistance 0Of Existing Buildings, U.C. Davis Campus: Veih-
meyer Hall," May 1973.

Proposed seismic rehab consisted largely of reducing diaphragm span
by adding interior shear walls.

Steinbrugge, Karl V., and Schader, Eugene E., "Earthquake Damage And
Related Statistics™ in Leonard Murphy, editor, San Fernandc, Cali-
fornia, Esrthouake Of February 9, 1971, Washington, D.C.: Govern-—
ment Printing Office, 1973, {National Oceanic And Atmospheric Ad-
ministration).

Figure 18, p. 707, correlstes roof damage with aspect ratios and
areas for 40 light industrial buildings. The authors conclude that
several different interpretations of the data are possible.

Berg, G.V., "Barthquake Stresses In Tall Buildings With Set-Backs,"
Proceedings, Second Symposium On Farthguake Engineering, University
of Roorkee, 1962.

Stepped cantilever beam analysis.

Humar, J.L., and Wright, E.W., "Earthquake Response Of Steel-Framed
Multistorey Buildings With Set-Backs," FEarthguake Engineering And
Structural Dynamics, Vol. 5, No. 1 {(January-March 197T).

A comprehensive review,

A brief survey of previous work followed by a dynamic analysis of
setback designs with varying configurations, with conclusions as

to the significant variables, including: "Tn some cases the contri-
bution of the second or the third mode may be higher than the con-
tribution of the fundamental mode. A direct consequence of this be-
havior is that the approximate code method of distributing the base
shear on the assumption that the building vibrates predominantly
in the fundamental mode cannot be applied to set~back frame build-
ings with slender towers.” (p. 37)

"The provisions of the present codes for the distribution of the
base shears throughout the building height underectimate the shears
in the upper one third of the building even for a uniform building.
For a set~back building, the discrepancy is larger." (p. 37)

"In set-back buildings with very slender towers, the shear coeffi-
¢cient shows a sudden and marked increase in the transition region
beiween the base and the tower - thils can be appropriately termed

a 'noteh effect'." (p. 38)

SEAOC set-back provisions are compared to the authors'.

Jhaveri, D.P., "Earthquake Forces In Tall Buildings With Set Backs,”
Ph.D. thesis , University of Michigan, 1967.

Two models were used: stepped cantilever beam, and multi-degree—
of-freedom with infinitely rigid floors,

Pekau, 0.A., "Inelastic Behaviour Of Frame Structures Under Static
And Earthquake Forces,” Ph.D. thesis, University of Waterloo, 1970.
Includes inelastic considerations and allows for girder flexibility.

Penzien, Joseph, "Earthguake Response Of Trregularly Shaped Build-
ings," Fourth World Conference On Earthquake Engineering, 1969.

A setback buillding and an eccentrically stiffened example are an-
alyzed for 1940 Bl Centro N-S ground motion. "To greatly reduce
the selsmic fTorces in a set-back structure (or appendage), it
should be designed so that its fundamental period of vibration dif-
fers considerably (preferably higher) from the first lateral vibra-
tion mode of the building..." (Volume TT, p.A3-83)
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separation joints

Skinner, R.I., Skilton, D.W.C., and Laws, D.A., "Unbalanced Build-
ings, And Buildings With Light Towers, Under Earthguake Forces,"
Third World Conference On Earthquake Engineering, 1965,

Analyzes effect of similarity or dissimilarity of base periods and
tower periods.

Holmes, William T., "The Rehebilitation Of History Corner Of The
Stanford University Main Quad," Second U.S. National Conference On
Esrthquake Engineering, 1979.

Configuration problems are emphasized in the discussion of design
decisions: L-shaped plan, collectors, contiguous arcade, alterna-
tive seismic separation strategles, discontinuous walls.

Rea, Dixon, and Bouwkamp, Jack G., "A Source Of Damping Prcduced By
The Interaction Of Close-=Standing Buildings," Bulletin of the Seis-
mological Society of America, Vol. 58, No. 3, (June 1968).

Dynamic field tests during construction of the Health Sciences
building at the University of California, San Francisco Medical
Center revealed that the sliding plate separation joint added sig-
nificant damping via friection.

Willsea, Frederick, "Reconstruction Gf Margaret Jacks Hall, Stan—
ford University," Second U.S. National Conference On Earthquake
Engineering, 1979.

Specific trade-offls involved with two seismic separation decisions
are discussed.

E. Codes

Portions of these codes or commentaries deal specifically with con-
figuration. In addition, configuration is indirectly or generally
involved in other sections of these codes, since any caleulation
procedure must inevitably take into account the dimensions of a
building and its members, the disposition of its mass, and other
configuration variables. The following indicated code sections
generally attempt to point cut when this "autometic" consideration
of configuration variables is not sufficient.

Applied Technology Council, Tentative Provigions For The Develop~
ment Of Seismic Regulations For Buildings ("ATC-3"), June 1978.

This document is intended to provide the basis for a nationally-
applicable seismic code, and includes commentary as well as code-
language provisions in its 500 pages. Configuration is mentioned
in section 3.4 to differentiate the regular from irregular build-
ing. TFor certain levels of hazard exposure, the irregular case re—
quires "special consideration” of its dynamic characteristics.

"Past earthquakes have repeatedly showm that buildings having ir-
regular configurations suffer greater damage than buildings having
regular configurations. This situation prevails even with good de-
sign and construction, These provisions are designed to encourage
that buildings be designed to have regular configurations." {p. 3390,
section 3.4 of commentary).

Irregular characteristics in plan include asymmetry, re-entrant cor-
ners "with significant dimensions,” large torsional eccentricity,
diaphragm interruptions; in section: asymmetry about vertical axes
or horizontal offsets, variations in mass-stiffness ratio betwezn
adjacent stories.
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Also briefly discussed in the code and commentary sections are
orthogonal effects (3.7.2), vertical discontinuities (3.7.3), re-
dundancy (3.7.L), support for discontinuous components (columns
supporting stiff walls or trusses) (11.5.4), holes in shear walls
and diaphrasms (11.8.3). '

Architectural Institute of Japan, Design Essentials In Earthquake
Resistant Buildings, New Yorkt Blsevier, 1970.

A commentary on recommended practice: includes a discussion of tor-
sion, vertical discontinuities, proportional guidelines for the a-
mount of shear wall in small non-engineered buildings. The latter
section, written with particular traditional Japanese construction
systems in mind, raises interesting possibilities concerning the
development of simple rules, such as shear wall lineal footage/floor
grea sqguare footage ratics, for specific U.S. situations such as
wood-frame dwellings.

Army, Navy, And The Air Force, Departments Of, (8.B. Barnes & As-
sociates, and John Blume & Associates, consultants), Seismic Design
For Buildings, Washington, D.C.: Department of The Army, April 1973.
The ™tri-services" manual, a combination design manual/textbook,
contains several strongly worded statements on the significance of
configuration, a before-and-after example of how seismic awareness
can improve a plan layout, a discussion of torsion, "The seismic
design begins with and 1s dominated by the architectural concept of
the building... Eungineers are learning that a building's shape, sym-
netry, and its general layout developed in the conceptual stage are
more important, or make for greater differences, than the accurate
determination of the code - prescribed forces." (p. 3-13). Designed
t0 be used alongside the SEAOC Blue Book.

Berg, Glen V., "Historical Review Of Earthquakes, Damage, And Build-
ing Codes," Methods Of Structural Analysis, New York: American So-
ciety Of Civil Engineers, 1976.

Discusses the sensitivity of design forces to calculated pericds,
which in turn are highly configuration-dependent.

Binder, R.W., and Wheeler, W.T., "Building Code Provisions For A-
seismic Design," Second World Conference On Parthquake Engineering,
1960.

Discusses historical eveolution of the ¢ factor, including the fact
that when TLos Angeles abolished its 150-foot/13 story height limit
in 1957 it had to rewrite the C factor formula to take intc account
the different behavior of taller structures. Evolution of torsion
and setback regulations in the UBC is also covered.

California Department of Health, Title 22 and 24, California
Administrative Code, (Hospital Act of 1972).

Passed in 1972 partly in response to the casualties and damage re-
sulting from hospital performance in the 1971 San Fernando, Cali-
fornia earthquake, Senate Bill 519 did for California hospitals what
the Field Act had done Tor schools. The code itself is different,
and involved the added aim of maintalning the functionality of hos-
pitals immediately following earthquakes, but it is carried out by
the same division of the Cffice of the Stule Architect. Like the
Field Aet, it contains many provisions similar to the basic UBC
provisions, and also like the Field Act, its general cavcat on con-
figuratlion is more forcelully stated than in the UBC:

"When the design of a structure, due to unusual configuration of
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the structure or parts of the structure, does not provide at least
the same safeguard against carthquakes as provided by the applica-
ble portions of this section when applied in the design of a simi-
lar structure of customary configuration, [raming and assembly of
materials, the Department shall have the authority to withhold its
approval.”™ {T22-2312 (a)2).

The idea of "equivalence” is not usually stated in codes, merely
"adequacy." Recently an I-shaped plan was divided into two rec-
tangles with & seismic Jjoint to avoid the more costly dynamic anal-
ysis and extra strengthening that would have been otherwise re-
quired.

California Office of Architecture And Construction, Title 21, Cali-
fornia Administrative Code, (Field Act).
Passed one month after the 1933 Long Beach earthquake, the

Field Act regulates the construction of public schools (but not pub-
lie universities) in California, and subsequent legislation even-
tually made it retroactively applicable to existing school build-
ings. Although similar %o the Uniform Building Code, its general
clause on configuration 1s more strongly worded:

"When the design of a structure or parts of a structure result in
unusual configuration or irregular distribution of lateral stiff-
ness, evidence shall be presented to show that equivalent safety to
that established by these regulations is provided or the office
shall withhold its approval.”

California Seismic Safety Commission, Task Committee On The Hospital
Aet Of 1972, Report, May 12, 1977.

The fire vs, seilsmic confliet concerning separation joints is dis-
cussed p. 20-21, snd in the letter by Donald Axon, Appendix.

General Services Administration, and Pregnoff, Matheu, Beebe, Inc.
consultant authors for structural contents, Earthquake Resistance
Of Buildings: Vol.l, Design Guidelines; Vol. 11, Evaluation Of
Existing Structures; Vol.111l, Commentary On Design Guidelines, 1976.
Based on the UBC although in some respects concerning configuration
more cauticnary. "If the building is irregular in plan or elevation
and/or if resisting elements are not symmetrically placed, or if
there are sudden changes in resisting element stiffness” then, for
buildings of high exposure occupancy/zone categories, a dynamic a—
nalysis is indicated. (For low exposure regular buildings, the UBC
is used without modification). (p. I-9). "A significant torsion
inducing factor to be considered in the analysis of any structure
iz Lhe possibility of asymmetric resisting forces of the lateral
load resisting elements alter some of these elements have yielded
or failed." (p, ITI-6)}. The commentary, as with the case of the
SEAOC Blue Book, is as important as the regulations themselves.

Glogau, O.A., "Some Couments On The New Zealand Farthquake Loading
Provisions,"” Sixth World Confcrence On Barthquake Engineering, 1977.
Comments on 1976 code (N2S L203:1976). "For a number of reasons
torsional situations are discouraged both by the fairly severe pro-
visions of the code and the commentary. Even the wost scphisticat-
ed analysis does not account for out of phase ground motions which
may domage the Junctions of L, T and U shaped buildings...in tor-
sional situations uniform dissipation of energy is rare..." (p., V-

52).




298

A2, BIBLICGRAPHY

Goers, Ralph W. & Assoclates, A Methodology For Seismic Design And
Construction O Single-Fanily Dwellings, Palc Alto, California:
Applied Technology Council (under contract to HUD), September 1976,
A thorough study containing information on damage to houses {(in-
cluding the house-over—-garage configuration-induced problem which
was prominent in the 1971 San Fernande carthquake), construction
details, design/analysis methods, and suggested plan review pro-
cedures. Examples of houses with irregular configurations, such as
hillside houses on stilts or certain complex roof arrangements, are
illustrated to indicate the type of case which must be individually
englneered rather than analyzed according toc the procedures includ-
ed in the report. Tributary area/tributary load relationships,
shear wall location and proportion, and other configuration fac-
tors are emphasized in this approach.

International Association For Earthquake Engineering, Earthquake
Resistant Regulations, A World List, 1973, and Supplement, 1976.
Concerning the following configuration issues, the codes in use in
these nations are of particular interest., especially because there
are often significant variations from what is considered standard
practice in the U.S.

- torsion: New Zealand, Canada, Mexico, Peru, Argentina,
Veneruela, India.

~ irregular configurations {complex plane, abrupt vertical changes
in strength and stiffness, setbacks): Japan, Yugeslavia, USSR, New
Zealand, Spain.

- specific configuration rules for smell non-engineered buildings
of particular indigenous construction characteristics (window and
door opening size and location, eross—wall spacing, corner treat-
ment, ete.): Japan, Argentina, Turkey, Peru, Bulgaria, Ttaly, Tran.
~ absolute and relative dimensional characteristics (seismic height
limits, height/depth ratios, maximum plan dimension limits and
aspect ratios): Bulgaria, Argentina, USSR.

International Conference Of Building Officials (ICBO),L1979 Uniform
Building Code (UBC), Whittier, California (5360 8. Workman Mill
Road): ICBO, 1979, Harlier editions at three-year intervals.
Chapter 23 contains the seismic regulations. {Other chapters also
contain provisions speciflic to the various materials), TFirst en-
acted 1927. Tn addition to being the model code (one of four in
the US) which predominates in the West, its seismic provisions {de-
rived from the Structural Engineers Association of California
document scparately listed) have been a model for this aspect of
many of the codes in use in the rest of the US and the rest of the
world. The configuration references 1n Chapbter 23 are rather brief
and are not meant to handle all the problems that can arise.
"Structures having irvegular shapes or framing systems. The distri-
bution of the lateral forces in structures which have highly ir-
regular shapes, large differences in lateral resistance or stilf-
ness between adjacent stories or other unusual structural features
shall be determined consgidering Lhe dynamic characteristics of the
structure.” (2312 (e)3)

Torsion is referenced in 2312 (e)5: 57% eccentricity for aceidental
torsion.

Betbacks ure covered in 2312{e}2: "Buildings having setbacks where-
in the plan dimension of the tower in each direction is a2t least

75 perecent of the corresponding plah dimension of the lower part
may be considered as uniform buildings..."

Analytical assumpticns to use for setback cases are listed as an
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appendix in the SEACC Blue Book, but have never been included in
the UBC.

Moran, Donald F., and Bockemohle, L.W., "History And Philosophy Cf
California Farthquake Codes And Elements Of Lateral Force Design,"
in Leonard Murphy, co-ordinator, San Fernando California, FEarth-
quake Of February 9, 1971, Washington, D.C.: Government Printing
Office, 1973, (National Oceanic And Atmospheric Administration).
"gSymmetrical structures with simple geometrical plans generally
rerform better in earthguakes than those with irregular plans and
unsymmetrical resisting elem=nts, This does not mean that it is im-
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