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BUILDING SEISMIC SAFETY COUNCIL

The Bullding Seismic Safety Council (BSSC) |s an independent, voluntary body
that was established unaer the auspices of the Naticnal Institute of Buflding
Sciences (NIBS) In 1979 as a direct result of nationwide interest in the seismic
safety of bulldings. It has a membership of 57 organizations representing a
wide variety of bullding community Interests. [ts fundamental purpose s to
enhance public safety by providing a national forum that fosters improved seismic
safety provisions for use by the building community in the planning, design,
construction, regulation, and utilization of bulldings. To fulflll (ts purposae.
the 8SSC:

1. Promotes the development of seismic safety provisions suitable for use
throughout the United States;

2. Recommends. encourages, and promotes the adoption of appropriate seismic
safety provisions in voluntary standards and model! codes:

3. Assesses progress in the Implementation of such provisions by federal,
state, and local regulatory and construction agencies:

4. ldentifles opportunities for Imoroving sefsmic safety regulations and
practices and encourages public and private organizations to effect
such improvements;

S. Promotes the development of training and educat!onal courses and mate-
rialis for use by design professionals, buiiders, buiflding regulatory
officials, elected officials, (ndustry representatives. other members of
the building community, and the public:

6. Advises government bodles on :their programs of research, development,
and Implementation; and

7. Periodically reviews and evaluates research findings, practices, and
experience and makes recommendations for i{ncorporation Into seismic
design practices.

The B8SSC’s area of Interest encompasses all bul lding-type structures and includes
explicit consideration and assessment of the social. technical, administrative,
political, legal, and economic Implications of its deliberations and recommenda-
tions,

The BSSC belfeves that the achievement of Its purpose (s a concern shared by

all in the public and private sectors; therefore, Its activities are strutured

to provide all interested entities (e.9.. government bodies at all levels.
voluntary organizations, business., ingustry, the design profession, the construc-
tion industry, the research community, and the general public) with the opportu-
nity to participate. The BSSC also believes that the regional and local differen-
ces in the nature and magnitude of potentially hazardous earthquake events reauire
a flexible approach to seismic safety that allows for consiceration of the
relative risk, resources, and capabilities of each community.

The BSSC ts committed to continued technical Imorovement of sefsmic design
provisions., assessment of advances in engineering knowlegge and design experience.
and evaluation of earthauake impacts. [t recognizes that appropriate earthauake
hazard reduction measures and initiatives should be adooted by existing organiza-
tions and institutions and incorporated. whenever possible, into their legisla-
tion, reguiations, practices, rules, codes. relief procedures, and 'can reauire-
ments so that these messures and initiatives become an integral part of estapli-
shed activities. not additional burdens. The 8S5C Itself assumes no standaras-
making and -promulgating role; rather, it advocates that stancards-formulation
organizations consiger 8SSC recommendations for Inclusion into their documents and
stancards.
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NOTICE: Any opinfons, findings, conclusions, or recommendations ex-
pressed in this publication do not necessarily reflect the views of the
Federal Emergency Management Agency. Additionally, neither FEMA nor
any of its employees make any warranty, expressed or implied, nor assumes
any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, product, or process included in this
publication.

This report was prepared under Contract EMW-C-0903 between the Federal
Emergency Management Agency and the National Institute of Building Sci-
ences.

For further information regarding this document, contact the Executive
Director, Building Seismic Safety Council, 1015 15th Street, N.W., Suite
700, Washington, D.C. 20005.
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cil, Building Seismic Safety Council, and Earthquake Engineering Research
Institute) and are available from FEMA, Earthquake Programs, Washington,
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Proceedings: Workshop on Reducing Seismic Hazards of Existing
Buildings, 1985

An Action Plan for Reducing Earthquake Hazards of Existing Build-
ings, 1985

Printed in the United States of America.




CHAPTER
CHAPTER

CHAPTER
CHAPTER
CHAPTER
CHAPTER

CHAPTER

CHAPTER
CHAPTER
CHAPTER

CHAPTER

CONTENTS

NEHRP RECOMHNENDED PROVISIONS
FOR THE DEVELOPMENT OF SEISMIC REGULATIONS

| Commentary:
3 Commentary:
4 Commentary:
5 Commentary:
6 Commentary:
7 Commentary:

8 Commentary:

9 Commentary:
10 Commentary:
11 Commentary:

12 Commentary:

FOR NEW BUILDINGS

1985 Edition

Part 2--Commentary

GENERAL PROVISIONS

STRUCTURAL DESIGN REQUIREMENTS
EQUIVALENT LATERAL FORCE PROCEDURE
MODAL ANALYSIS PROCEDURE
SOIL-STRUCTURE INTERACTION
FOUNDATION DESIGN REQUIREMENTS

ARCHITECTURAL, MECHANICAL, AND ELECTRICAL
COMPONENTS AND SYSTEMS

WOOD
STEEL
REINFORCED CONCRETE

MASONRY

63
95
109
115

139

149

181

185

195

199

iti







Chapter 1 Commentary
GENERAL PROVISIONS

Chapter | provides general requirements for applying the analysis and
design provisions contained in Chapters 3 through 12 of the NEHRP Recom-
mended Provisions. (It also establishes the mechanism for incorporating
a program of systematic abatement of hazards in existing buildings such
as that presented in the Part 3.)! Basically, Chapter 1 is similar to
what might be incorporated in a code as administrative regulations.

Although Chapter 1 is designed to be as compatible as possible with
normal code administrative provisions (especially as exemplified by the
three national model codes), it is written as the guide to use of the
rest of the document, not as a regulatory mechanism. The word "shall"
is used in the chapter, not as a legal imperative, but simply as the
language necessary to ensure fulfillment of all the steps necessary to
technically meet a minimum standard of performance.

It is important to note that the NEHRP Recommended Provisions are in-
tended to serve as a source document for use by any interested member
of the building community. Thus, it can be anticipated that various
users may alter certain information within the provisions (e.g.. the
determination of which use groups are included within the Seismic Hazard
Exposure Groups might depend on whether the user of the provisions felt
that a Group 11l designation was necessary and, therefore, that the
generally more-demanding design requirements for those buildings were
necessary or on which uses should be considered as part of Group III
or, indeed, in any of the groups). It is strongly emphasized, however,

Ipart 3 presents provisions concerning existing buildings that
were developed by the Applied Technology Council (ATC) and published in
1978 as Chapters 13 through 15 of ATC Report 3-06, Tentative Provisions
for the Development of Seismic Regulations for Buildings. They were
not considered during the BSSC program leading to the NEHRP Recommended
Provisions and are included only as guidance for those interested in
existing buildings. It should be noted, however, that a comprehensive
plan for mitigating seismic hazards in existing buildings was recently
completed for FEMA by the ABE Joint Venture (conducted by the Applied
Technology Council, Building Seismic Safety Council, and Earthquake
Engineering Research Institute) and is being evaluated by the appropriate
federal agencies. A workshop was held as part of the plan development
effort and the proceedings were published by FEMA in September 1985
(Proceedings: Workshop on Reducing Seismic Hazards of Existing Build-
ings). Copies of both the plan and the proceedings are available from
FEMA, Earthquake Programs, Washington, D.C. 20472. i




that any such "tailoring" be carefully considered by highly qualified
individuals who are fully aware of all the implications of any changes
on all affected procedures in the analysis and design sequences of the
document.

Reference is make throughout the document to decisions and actions that
are delegated to unspecified authorities referred to as the Regulatory
Agency. The provisions document is written to have applicability to
many different types of jurisdictions and chains of authority, and an
attempt has been made to recognize situations where more than technical
decision-making can be presumed. In fact, the document anticipates the
need to establish standards and approval systems to accommodate the use
of the document for development of a regulatory system. A good example
of this is in Sec. 1.5, Alternate Materials and Methods of Construc-
tion, where the need for well-established criteria and systems of test-
ing and approval are recognized but there generally are few such systems
in place. In some instances, the decision-making mechanism referred to
in the provisions is clearly most logically the province of a building
official or department; in others, it appears that the authority may be
a law-making body such as a legislature or city council; and in still
others, the decisions may be the province of a state or local policy-
making body. The term "Regulatory Agency" has been used to apply to
all of these entities.

A good example of the need of keeping such generality in mind is provided
by the California law concerning the design and construction of schools.
That law establishes requirements for independent special inspection
approved and supervised by the Office of the State Architect, state-level
office that does not exist in many of the states.

1.1 PURPOSE

The stated purpose of the NEHRP Recommended Provisions is to minimize
the hazard to life in buildings from earthquakes based on anticipated
conditions of shaking. Included are provisions to enable designers
to design for the survival of a certain functional capacity level of
operations within the building. The bases for establishing the anti-
cipated conditions of shaking are explained more fully in the detailed
discussion of Sec. 1.4.1 that concludes this Chapter | Commentary.

1.2 SCOPE

The scope statement establishes in general terms the applicability of the
provisions as a base of reference. Certain buildings are exempted and
need not comply:

. Buildings for agricultural use are generally excepted by most
codes from code requirements because of the exceptionally low risk to
1ife involved.




2. Normal one- and two-family dwellings in Seismic Index Areas
1 and 2 are excepted because they represent exceptionally low risks.

Because of the unique structural character of the special structures
identified in this section and other structures that are similar in
character, it is impossible to provide a single standard of reference
that would ensure an adequate identification of response characteristics
and methods of design and still be usable by the majority of designers.

1.3 APPLICATION OF PROVISIONS

The requirements for application of the provisions in Chapters 2 through
12 to new as well as existing buildings (see Part 3 and Footnote | for
guidance concerning existing buildings) are established in this sec-

tion.
i

oL

1.3.1 New Buildings

A simple procedure is established for one- and two-story wood frame
dwellings in regions of higher seismicity. Although some control is
necessary to ensure the Antegrity of such structures, it is felt that the
requirements oF(§§§Z;§;£_§gg\§z? are adequate to provide the safety
required based on the history of such frame construction--especially
low structures--in earthquakes.

1.3.2 Existing Building Alterations and Repairs

Alterations and repairs to existing buildings may require a building
permit, depending on the requirements of the local building regulations
being used. The national! model codes have similar conditions under which
a building permit is required, and generally it can be said that a permit
is required when anything except what is defined by the code as "ordinary
repairs" is involved. The object of this provision is to ensure that
adequate consideration is given to the effects of repairs and alterations
on the overall seismic performance characteristics of the structure. The
provision says that, where applicable to the work being done, the re-
quirements of this document should be used. In many cases, this will
require an analysis of the as-built structure incorporating the effects
of proposed changes.

In cases where the structure already exceeds the requirements for seismic
force resistance that would be required of a new building of the same
Seismic Performance Category (Seismicity Index and Seismic Hazard Expo-
sure Group), alterations and repairs may be made in such a way that the
seismic force resistance is reduced to that required of new buildings
of the same Seismic Performance Category.

In cases where the building does not exceed the seismic force resistance
required of a new building of the same Seismic Performance Category, the
alterations and repairs cannot result in a reduction of the existing
seismic force resistance of the building. -




1.3.3 Change of Use

When buildings are subject to changes of use, it is possible that the new
use may place the building into a different Seismic Performance Category.
If a portion of the building is changed in use, then Sec. 1.4.2.D would
apply. If the change of use results in a change of the Seismic Perfor-
mance Category to a higher category according to Sec. 1.4.3, then the
building must be made to conform to the requirement for the new category.

1.3.4 Systematic Abatement of Seismic Hazards in Existing Bufldings

As more attention is directed toward the possible hazards of existing
buildings due to seismic shaking, it is expected that certain local and
statewide programs will be instituted to systematically abate the hazard
to the degree and over the period of time which appears justifiable in
terms of both life safety and economic reasonableness. Guidance con-
cerning such a program is included in this document as Part 3; however,
it must be noted that this information is reproduced directly from the
1978 Applied Technology Council report that preceded these provisions and
that these guidelines were not tested or examined during the BSSC program
that resulted in the NEHRP Recommended Provisions. (Also see Footnote
1.)

1.4 SEISHMIC PERFORMANCE

The requirements for analysis and design of buildings presented in these
provisionsin this document are based on a seismic hazard criterion that
reflects the relationship between the use of the building and the level
of shaking to which it may be exposed. This relationship primarily
reflects concern for |ife safety and, therefore, the degree of exposure
of the public to hazard based on the measure of risk.

The purposes of Sec. 1.4.]1 and 1.4.2 are to provide the means for estab-
lishing a measure of sefismic risk for a building of any use group and
in any area of the United States. Based on this measure, the key to the
application of the provisions, including when quality assurance proce-
dures are required (Sec. 1.6), is identified. This key is the Seismic
Performance Category of Table 1-A.

1.4.1 Seismicity Index and Design Ground Motions

This portion of the Commentary gives the background for the seismic
design coefficient, Cg, in Sec. 4.2, as well as for Sec. 1.4.1.

It must be emphasized at the outset that the specification of earth-
quake ground-shaking for design cannot be achieved solely by following
an agreed upon set of scientific principles. First, the causes of earth-
quakes are still poorly understood and experts do not agree on how the
knowledge that is available shouid be interpreted to specify ground
motions for use in design. Second, to achieve workable building code
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provisions it is necessary to simplify greatiy the enormously complex
matter of earthquake occurrence and ground motions. Finally, any speci-
fications of a design ground-shaking implies a balancing of the risk of
that motion occurring against the cost to society  of requiring that
structures be designed to withstand that motion. Hence, judament, engi-
neering experience, and political wisdom are as necessary as science.
In addition, it must be remembered that the design ground-shaking does
not by itself determine how a structure will perform during a future
earthquake; there must be a balance between the specified shaking and
the rules used to translate that shaking into a design.

The recommended regionalization maps and seismic design coefficients are
the result of the collective judagment by several committees that prepared
the original 1978 ATC report, based upon the best scientific knowledge
available in 1976, adjusted and tempered by experience and judament.
The following sections strive to explain the bases for the various re-
commendations as a guide both to the user of the provisions and to those
who will improve the provisions in the future. It is expected that the
maps and coefficients will change with time as the profession gains
more knowledge about earthquakes and their resulting ground motions and
as society gains greater insight into the process of establishing accept-
able risk.

Policy Decisions

The recommended ground-shaking regionalization maps are based on sever-
al policy decisions, the first two of which are departures from past
practice in the United States.

The first decision was that the relationship should take into account
the distance from anticipated earthquake sources. This decision reflects
the observation that the higher frequencies in ground motion attenuate
more rapidly with distance than the lower frequencies. Thus, at distan-
ces of 100 km or more from a major earthquake, flexible buildings may be
more seriously affected than stiff buildings. To accomplish the objec-
tive of this policy decision, it proved necessary to use two separate
ground motion parameters and, therefore, to prepare a separate map for
each.

The second policy decision was that the probability of exceeding the
design ground shaking should--as a goal--be roughly the same in all
parts of the country. This contrasts to the zoning maps currently in
use in the United States, which have been based on estimates of the
maximum ground-shaking exper{enced during the recorded historical period
without consideration of how frequently such motions might occur. There
is not unanimous agreement in the profession with this policy decision.
In part, this lack of agreement reflects doubt as to how well the proba-
bility of ground motion occurrence can be estimated with today’s knowl-
edge and disagreement with the specific procedures used to make the
estimates rather than any true disagreement with the goal. Further,
it really is the probability of structural faillures with resultant casu-
alties that is of concern, and the geographical distribution of that
probabllity is not necessarily the same as the distribution of the proba-
bil ity of exceeding some ground motion. (This.point is discussed further
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below under the section on implied risk.) Thus, the goal as stated is
not necessarily the ideal goal but is judged to be the most workable
goal for the present time.

The second policy decision implies that the design ground-shaking is
not necessarily the most intense motion that might conceivably occur at
a location. This is not a new policy decision; this policy is implied
by past codes. [t does seem wise, however, to state the matter very
clearly: It is possible that the design earthquake ground-shaking might
be exceeded during the lifespan of the structure--although the prob-
ability of this happening is quite small. In this connection, several
points must be emphasized. First, considering the significant cost of
designing a structure for extreme ground motions, it is undesirable to
require such a design unless there is a significant probability that
the extreme motion will occur or unless there is a particularly severe
penalty associated with failure or nonfunctioning of the structure.
Second, a3 building properiy designed for a particular ground motion
will provide considerable protection to the lives of occupants during a
more severe ground motion. Third, even if it were desirable to design
for the extreme ground motion (or maximum credible motion--various names
have been suggested), it is virtually impossible, at this time, to get
agreement on how intense this motion might be. This is especially true
for the less seismic portions of the country.

There was a third important policy decision, which also is not a new
policy: the regionalization maps should not attempt to microzone. In
particular, there was to be no attempt to locate actual faults on the
regionalization maps, and variations of ground shaking over short dis-
tances--on a scale of about 10 miles or less—-were not to be considered.
Any such microzoning must be done by experts who are familiar with local-
ized conditions. There are many local jurisdictions that should under-
take microzoning and this point is discussed further below.

Design Earthquake Ground Motion

The previous sections have spoken loosely about a "design ground-shaking"
without being specific as to the meaning of the phrase. Precise defi-
nition is very difficult if not impossible but the concept is straight-
forward enough. The "design ground-shaking" for a location is the ground
motion that an architect or engineer should have in mind when designing
a building which is to provide protection for life safety.

At the present time, the best workable tool for describing the design
ground-shaking is a smoothed elastic response spectrum for single degree-
of-freedom systems (Newmark and Hall, 1969). Such a spectrum provides
a quantitative description of both the intensity and frequency content
of a ground motion. Smoothed elastic response spectra for 5 percent
damping were used as a basic tool for the development of regionalization
maps and for the inclusion of the effects of local ground conditions.
In effect, the second policy decision was reinterpreted to mean for all
locations roughly equal probability of exceeding at all structural peri-
ods the ordinates of the design elastic response spectrum for that loca-
tion. Again, this statement should be looked upon as a general goal
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and not one that can be strictly met on the basis of present knowledge.

This does not mean that a building must necessarily be designed for the
forces implied by an elastic response spectrum. Later sections of this
discussion describe how, for purposes of the proposed design provisions,
elastic response spectra were converted into a formula for seismic design
coefficient. For structures that can safely strain past their yield
point, the forces determined in accordance with Sec. 4.2 are significant-
ly smaller than those that would be determined from the corresponding
elastic spectrum. However, the designing engineer would do well to
keep the probable design ground motion in mind.

A smoothed elastic response spectrum fs not necessarily the ideal means
for describing the design ground-shaking. It might be better to use a
set of four or more acceleration time histories whose average elastic
response spectrum is similar to the design spectrum. This approach may
be desirable for buildings of special importance but is not feasible
for the vast majority of buildings. The use of a single time history
generally is not adequate. This emphasizes that the design ground-shak-
ing is not a single motion but rather a concept that encompasses a family
of motions having the same overall intensity and frequency content but
differing in some potentially important details of the time sequences
of motions.

A significant deficiency of the response spectrum is that it does not
by itself say anything about the duration of the shaking. To the extent
that duration effects elastic response, it is accounted for by the spec-
trum. However, the major effect of duration is upon possible loss of
strength once a structure yields. ODuration effects have not been consid-
ered explicitly in drawing up these provisions, although in a general
way it was envisioned that the design ground-shaking might have a dura-
tion of 20 to 30 seconds. The possibility that the design motion might
be longer in highly seismic areas and shorter in less seismic areas was
one of the considerations that influenced the assignment of Seismicity
Index values in Sec. 1.4.

Ground Motion Parameters

In developing the design provisions, two parameters were used to charac-
terize the intensity of design ground-shaking. These parameters are
called the Effective Peak Acceleration (EPA), A3, and the Effective
Peak Velocity (EPV), A,. These parameters do not at present have precise
definitions in physical terms but their significance may be understood
from the following paragraphs.

To best understand the meaning of EPA and EPV, they should be considered
as normalizing factors for construction of smoothed elastic response
spectra (Newmark and Hall, 1969) for ground motions of normal duration.
The EPA is proportional to spectral ordinates at a period of about |
second (McGuire, 1975). The constant of proportionality (for a 5 percent
damping spectrum) is set at a standard value of 2.5 in both cases.




For a specific actual ground motion of normal duratfon, EPA and EPV can
be determined as illustrated in Figure Cl-1. The 5 percent damped spec-
trum for the actual motion {s drawn and fitted by straight lines between
the perfods mentioned above. The ordinates of the smoothed spectrum
are then divided by 2.5 to obtain EPA and EPV. The EPA and EPV thus
obtained are related to peak ground acceleration and pesk ground velocity
but are not necessarily the same as or even proportional to peak acceler-
ation and velocity. When very high frequencies are present in the ground
motion, the EPA may be significantly less than the peak acceleration.
This Is consistent with the observation that chopping off the highest
peak in an acceleration time history has very little effect on the re-
sponse spectrum computed from that motion, except at periods much shorter
than those of interest in ordinary building practice. Furthermore, a
rigid foundation tends to screen out very high frequencies in the free
field motion. On the other hand, the EPV generally will be greater
than the peak velocity at large distances from a major earthquake (Mc-
Guire, 1975). Ground motions increase in duration and become more per-
fodfc with distance. These factors will tend to produce proportion-
ally larger increases in that portion of the response spectrum repre-
sented by the EPV.

If an earthquake is of very short or very long duration, it is necessary
to correct the EPA and EPV values to more closely represent the event.
It is well documented that two motions having different durations but
similar response spectra cause different degrees of damage, the damage
being less for the shorter duration. I[n particular, there have been
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numerous instances where motions with very large accelerations and short
durations have caused very little or even no damage. Thus, when ex-
pressing the significance of a ground motion to design, it is appropriate
to decrease the EPA and EPV obtained from the elastic spectrum for a
motion of short duration. On the other hand, for a motion of very long
duration, it would be appropriate to increase the EPA and EPV. There
are at present, however, no agreed-upon procedures for determining the
appropriate correction; it must be done by judgment.

Thus, the EPA and EPV for a motion may be either greater or smaller than
the peak acceleration and velocity although the EPA generally will be
smaller than peak acceleration while the EPV will be larger than the
peak velocity. Despite the lack of precise definitions, the EPA and
EPV are valuable tools for taking into consideration the important fac-
tors relating ground-shaking to the performance of a building.

At any specific location, either the EPA or the EPV may govern the design
of a building. In general, however, it is desirable to know both values.

For purposes of computing the lateral force coefficient in Sec. 4.2,
EPA and EPV are replaced by dimensionless coefficients, A5 and A, respec-
tively. Ag is numerically equal to EPA when EPA is expresed as a decimal
fraction of the acceleration of gravity (e.g., if EPA = 0.2g, then Ag =
0.2). Ay is proportional to EPV as explained below in the discussion
of implied risk.

Hap for Effective Peak Acceleration

The development of a map for EPA for the contiguous 48 states was facili-
tated by the work of Algermissen and Perkins (1976). Their map (Figure
Cl1-2) is based on the principles of seismic risk (Cornell, 1968; Alger-
missen and Perkins, [972).

Several steps are involved in the preparation of such a map:

1. Source zones and faults, in which or along which significant
earthquakes can occur, are identified and brought together on a source
zone map.

2. For each source zone or fault, the rate at which earthquakes of
different magnitude can occur and the maximum credible magnitude are
estimated.

3. Attenuation laws are used to give the intensity of shaking
as a function of magnitude and distance from an epicenter.

4, With the foregoing information as input, a computer program
based on probabilistic principles can generate values that are then
used to produce contours of locations with equal probabilities of receiv-
ing specific intensities of ground-shaking.

Algermissen and Perkins relied primarily on historical seismicity ad-
justed, where possible, by geological and tectonic information. The
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Algermissen-Perkins map shows contours of peak acceleration on rock that
have a 10 percent probability of being exceeded in 50 years.

A contour map for EPA for the contiguous states was developed during
the Applied Technology Council study (1978) that led to development of
these provisions and is given In Figure Cl1-3. (This map was later con-
verted into the map in Figure 1-1 of Chapter | by shifting contours to
lie along county lines; see the discussion of county-by-county maps
below.) It gives EPA for firm ground, which includes shale deposits of
stiff cohesive soils and dense granular soils as well as rock.

The map of EPA Is in many ways quite similar to the Algermissen-Perkins
map and, indeed, was influenced by preliminary versions of that map. In
adapting a map such as the Algermissen-Perkins map to the purposes of
these provisions, it was necessary to judge how acceleration as used in
their study is related to EPA and how the "rock" of their study relates
to the "firm ground" of the NEHRP Recommended Provisions. To produce a
map appropriate as a basis for design it is desirable to use smoothed
contours and, further, it is necessary to decide how to treat an area
(e.g. New England and the Middle Atiantic states) where the accelerations
in the Algermissen-Perkins map lie just below one of the arbitrarily
selected contour levels. Seismologists from various parts of the country
were asked to comment on proposed versions of the EPA map and suggested
what were, in effect, alternate versions of the source areas. Other pro-
posed maps--prepared from data in Culver et al. (1975) and published by
Wiggins et al. (1977), Foss (1977), and others, using similar principles
but different interpretations of historical seismicity and geological
evidence--were studied. All of this evidence was taken into account
where deemed appropriate by adjusting the locations of contours for
EPA, Figure Cl-3, having literally been drawn by a committee, lacks
some of the internal consistency of the Algermissen-Perksins map, but
was judged to provide the best current estimate of the geographic vari-
ation of EPA for purposes of design.

Perhaps the most significant difference between Figures Cl1-2 and Cl-3
occurs in the area of highest seismicity in California. Within this
region, the Algermissen-Perkins map has contours of 0.6g. On the other
hand, the map for EPA has no values higher than 0.4g. There are several
different reasons for this difference, all of which contributed to the
decision to limit EPA to 0.4g. One factor is the basic difference be-
tween peak acceleration and EPA. There is doubt among many professionals
that large earthquakes really will cause very large accelerations except
in quite localized spots influenced by topography. Many also believe
that there is an upper limit to the acceleration that can be transmitted
even through dense soil. There is also the argument that a building
code requiring design for an EPA greater than 0.4g will not really bring
about more earthquake-resistant construction. Finally, while by the
formal logic used to establish EPA there may be locations inside of the
0.4g contour where higher values would be appropriate, contouring such
small areas would amount to microzoning. In short, the decision to
limit the EPA to 0.4g was based in part on scientific knowledge and
in part on judgment and compromise.
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FIGURE C1-3 Contour map for effective peak acceleration for the conti-
nental United States. Note that the numbers on the contours are values
of EPA in units of acceleration or gravity. They also are values of Ag
in Eq. Ci-1 and were used to prepare Figure 1-1 in Chapter 1 of the
provisions.




Figure Cl-4 presents maps of EPA for Alaska, Hawaii, and Puerto Rico.
In these areas no studies of the type such as produced by Algermissen
and Perkins were available. However, there have been a number of seis-
mological studies and seismic risk analyses in connection with the Alas-
kan pipeline, proposed nuclear power plants, etc. There also existed
past and proposed seismic zoning maps. All of this informatfon was
used to construct maps of EPA that were judged to be consistent with
the map for the contiguous 48 states.

It has already been noted that the Algermissen-Perkins map was heavily
influenced by historical seismicity--that is, by the pattern of earth-
quakes that have occurred during the past 150 years (on the West Coast)
to 350 years (on the East Coast). Where there was solfid geological
evidence that this rather short period of history might be misleading,
this evidence was incorporated into the source model. This approach does
mean that areas which have not experienced significant earthquakes during
the historical period, and for which there s no solid geological basis
for suspecting that such earthquakes might oc¢cur, end up being designated
as areas of low seismic risk. Careful examination of old earthquake
records is necessary, however, some historic events felt in one location
and recorded as being centered in that location may actually have been
a larger distant event. These same difficulties apply to the map of EPA,
although some very recent geological and seismological studies did lead
to the EPA being increased in some parts of the country where the histor-
ical record alone would indicate low seismicity.

Critics of the seismic risk approach rfghtfully argue that the historical
record is far too short to justify the extrapolations Inherent in the
approach. Moreover, the most widely used procedures assume that large
earthquakes occur randomly in time, so that the fact that a large earth-
quake has just occurred in an area does not make it less likely that a
large earthquake will occur next year. In the light of modern under-
standing of earthquake occurrences, this assumption is of limited valid-
ity. However, at present there is no workable alternantive approach to
the construction of a seismic design regionalization map that comes
close to meeting the goal of the second policy decision.

Map of Effective Peak Velocity

No general mapping study is currently avajilable for EPV. Hence, the
maps for EPV (Figures Cl-5 and Cl-6) were constructed by modifying the
map for EPA using the principles described below.

Since EPV is velocity, it is appropriately eéxpressed in unfts such as
inches per second. For ease in developing the formulas in Sec. 4.2, it
proved desirable to also express EPV by a dimensionless parameter (A,)
that is an acceleration coefficient. This parameter is referred to as
velocity-related acceleration coefficient. Figures Cl-5 and Cl-6 show
contours of A,. The relationship between EPV and A, is as follows:
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FIGURE Cl-4 Contour map for effective peak acceleration for Alaska
Hawaii, and Puerto Rico. 2
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FIGURE CI-5 Contour map for effective peak velocity-related acceleration
coefficient for the continental United States. Note that the contours
show values of A, for use in Eq. Cl-1.
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FIGURE C1-6 Contour map for effective peak velocity-related acceleration
coefficient for Alaska, Hawaii, and Puerto Rico. "
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Effective Peak Velocity Velocity-Related Acceleration

(in./sec) Coefficient, A,
12 0.4
6 0.2
3 0.1
1.5 0.05

The first step was to assume that the elastic response spectrum for
firm ground would apply along the contours for EPA = 0.4g in Figure
Cl-3. The shape of this response spectrum, as described helow, was
obtained from analyses of actual strong motion records at distances of
20 to 50 miles from moderate to large earthquakes in California. To
construct this spectrum, if EPA = 0.4g it is necessary to have EPV = 12
inches per second.

A similar assumption was made for all the peaks of the contour map for
EPA--that is, at all locations where a contour gives the highest EPA in
a region. For example, the EPV was set at 3 inches per second along
the contour for EPA = 0.1g in the vicinity of the Appalachian Mountains
and South Carolina.

A study by McGuire (1975) based on strong motion records in Califor-
nia has provided data concerning the attenuation of EPV with distance.
For an earthquake of large magnitude, it was found that the distance
required for EPV to decrease by a factor of 2 is about 80 miles. Thus,
in the western part of the country, the contours for EPV = 6 inches per
second were located at a distance of about 80 miles outside of the con-
tours for EPV = 12 inches per second. Similarly, in Washington and
Utah where the highest contour is at 0.2g, corresponding to EPV = 6
inches per second, the next contour for EPV = 3 inches per second was
located about 80 miles away.

The strong motion data available to McGuire were inadequate beyond a
distance of about 100 miles. To estimate the attenuation of EPV beyond
this distance, it was assumed that EPV at large distances from an earth-
quake is related to the modified Mercalli intensity (MMI). It was fur-
ther assumed that the logarithm of EPV would be linearly proportional
to MMI. Data from large earthgquakes in California suggested that MMI
decreased roughly linearly with distance, which would translate into
EPV continuing to halve at equal increments of distance. Thus, the
contours subsequent to those located in the previous paragraph were
also spaced at about 80 miles.

For the Midwest and East, it was necessary to rely entirely on informa-
tion Bbout the attenuation of MMI (Bollinger, 1976). It appears that
MMI decays logarithmically with distance and that for the first 100
miles from a large earthquake the attenuation in these regions is roughly
the same as in the West. This would imply that the distance required
for EPV to halve increases with distance. Thus, starting from the con-
tour for EPV = 6 inches per second centered on southeastern Missouri,
the contour for EPV = 3 inches per second would be about 80 miles away
and the contour for EPV = 1.5 inches per second would be 160 miles beyond
that for 3 inches per second. i
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In all cases, it was stipulated that a contour for EPV should never
fall inside the corresponding contour for EPA. For example, the location
of the contour for EPV = 3 inches per second in southcentral Illinols
was determined by the contour for EPA = 0.1g rather than by distance
from the contour for EPV = 6 inches per second.

After these various rules were applied to produce a set of contours for
EPV, considerable smoothing was done and contours were joined where
they fell close together. These steps were taken in light of the rather
meager knowledge available about EPV at the time.

[t would be highly desirable to have maps of EPV prepared using methods
similar to those that have been used for peak acceleration. This was
done for the northern half of California and gave results that are con-
sistent with the contours on Figure Ci-5. The maps in Figures Cl-5
and Cl-6 were deemed consistent with the state of the art.

Risk Associated with EPA and EPV

The probability that the recommended EPA and EPV at a given location
will not be exceeded during a S50-year period is estimated to be about
90 percent. Given the present state of knowledge, this probability
cannot be estimated precisely. Moreover, since the maps were adjusted
and smoothed by committee after consultation with seismologists, the
risk may not be just the same at all locations. It is believed that
this probability of not being exceeded is in the range of 80 to 90 per-
cent. The use of a 50-year interval to characterize the probability
is a rather arbitrary convenience and does not imply that all buildings
are thought to have a useful life of 50 years.

It must be emphasized that the 90 percent probability of not being ex-
ceeded was not established initially as a criterion for selecting the
EPA and EPV. A suitable level of EPA for the more seismic regions of
California was selected on the basis of various considerations, some of
which were mentioned above. Contours based on this level appeared to
agree reasonably well with the level of acceleration determined by Alger-
missen and Perkins at the California border (California was not included
in their earlier working maps) so their map was used as a guide for the
rest of the country.

A probablility of not being exceeded can be translated into other quanti-
ties such as mean recurrence interval and average annual risk. A 90
percent probability of not being exceeded in a 50-year interval is equi-
valent to a mean recurrence interval of 475 years or an average annual
risk of 0.002 events per year. These other quantities have physical
meaning only if averaged over very iong periods of time--tens of thou-
sands of years. In particular, a mean recurrence interval (also re-
ferred to as return period) of 475 years does not mean that the earth-
quake will occur once, twice, or even at all in 475 years. With present
knowledge, there is no practical alternative to assuming that a large
earthquake is equally likely to occur at any time, and quantities such
as return period only indicate the 1ikelihood that such an event will
occur.




Figure C1-7, which is based on information supplied by Algermissen and
Perkins from their study, indicates the probabilities of not being ex-
ceeded if other levels of EPA were to be selected. For example, consi-
der a location on the contour for EPA = 0.2g in Figure Cl-3., At this
location, there is about a 60 percent probability that an EPA of 0.lg
will not be exceeded during a 50-year interval. Similarly, there is 98
percent probability that the EPA will not exceed 0.35g. The dashed
portions of the curves indicate possible extrapolations to larger and
smaller annual risks. What this upper limit might be in any seismic
area and especially in the less seismic areas is a matter of great de-
bate; some experts feel that the upper limit is the same as for highly
seismic areas although the probability of such an extreme EPA occurring
is, of course,very, very small.
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FIGURE C1-7 Annual risk of exceeding various effective peak acceler-
ations for locations on the indicated contours of EPA in Figure Cl1-3.

The probability that the ordinates of the design elastic response spec-
trum will not be exceeded at any period is approximately the same as
the probability that the EPA and the EPV will not be exceeded. This is
true because the uncertainty in the EPA and EPV that will occur in a
future earthquake is much greater than the uncertainty in spectral ordi-
nates, given the EPA and EPV. Thus, the probability that the ordinates
of the design elastic repsonse spectrum will not be exceeded during a
50-year interval is also roughly 90 percent, at least in the general
range of B0 to 95 percent.
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Design Elastic Response Spectra

At the present time there is a high degree of agreement that the charac-
teristics of ground-shaking and the corresponding spectra are influenced
by:

1. The characteristics of the soil deposits underlying the proposed
site,

2. The magnitude of the earthquake producing the design ground
motions,

3. The source mechanism of the earthquake producing the ground
motions, and

4, The distance of the earthquake source from the proposed site and
the nature of the travel path geology.

Although it is conceptually desirable to include specific consideration
of all four of the factors listed above, it is not possible to do so at
the present time due to the lack of adequate data. Sufficient informa-
tion is available to characterize in a general way the effects of specif-
ic soil conditions on effective peak acceleration and spectral shapes.
The effects of the other factors are so little understood at this time
that they are often not considered in spectral studies. However, detail-
ed spectral studies have shown that large portions of the response spec-
tra can be closely represented using a scaling proportional to the EPA
and EPV values (Blume et al., 1973, Newmark et al., 1973, Mohraz, 1976).
The two maps can be easily used to represent the anticipated change in
the shape of response spectra with the increase in distance from the
seismic source zone by a direct adaptation of the response spectra for
motions close to the seismic source zone.

The present provisions, therefore, only consider the effects of site
conditions and the distance from the seismic source zone. At such times
as the potential effects of other significant parameters can be deline-
ated and quantified, the provisions can be modified to reflect these
effects.

Thus, the starting points in the development of the ground motion spectra
are the seismic design regionalization maps that express by contours
the EPA and the EPV that would be developed on firm ground.

Site Conditions. The fact that the effects of local soil conditions on
ground motion characteristics should be considered in building design
has long been recognized in many countries of the world. Most countries
considering these effects have developed different design criteria for
several different soil conditions. Typically these criteria use up to
four different soil conditions. Early in the ATC study (1978) that
resulted in the early version of these provisions, consideration was
given to the use of four different conditions of local site geology.




On the basis of the available body of data, the four conditions were
selected as follows:

l. Rock—-of any characteristic whether it be shalelike or crys-
talline in nature. As a general rule, such material is characterized
by a shear wave velocity greater than about 2,500 fps.

2. Stiff soil conditions or firm ground-~including any site where
soil depth is less than 200 feet and the soil types overlying rock are
stable deposites of sands, gravels, or stiff clays.

3. Deep cohesionless or stiff clay soil conditions--including
sites where the soil depth exceeds about 2,500 feet and the soil types
overlying rock are stable deposits of sands, gravels, or stiff clays.

4. Soft-to-medium stiff clays or sands--characterized primarily
by several tens of feet of soft-to-medium stiff clay with or without
intervening layers of sand or other cohesionless soils.

Effective Peak Accelerations for Different Site Conditions. Based on
the use of the four different site conditions outlined above, the values
of EPA for rock conditions were first modified to determine corresponding
value of effective peak ground acceleration for the three other site
conditions. This modification was based on a statistical study of the
peak accelerations developed at locations with different site conditions
and the exercise of judgment in extrapolation beyond the data base.

After evaluating these effects and rounding out the results obtained,
the values of EPA were modified as follows: For the first three soil
types--rock, shallow stiff soils, and deep cohesionless or stiff clay
soils=—-there is no reduction. For the fourth soil type-—soft to medium
clays—--a reduction factor of 0.8 is used for all Seismicity Index Areas.
It should be pointed out that the statistical data show that the reduc-
tion effect is not constant for all ground motion levels and the value
of the reduction factor is generally smaller than is recommended here.

Spectral Shapes. Spectral shapes representative of the different soil
conditions discussed above were selected on the basis of a statistical
study of the spectral shapes developed on such soils close to the seismic
source zone in past earthquakes (Seed et al., 1976a and 1976b; Hyashi
et al., 1971).

The mean spectral shapes determined directly from the study by Seed
et al. (1976a and 1976b), based on 104 records mostly from earthquakes
in the western part of the United States, are shown in Figure C1-8.
These spectral shapes also were compared with the studies of spectral
shapes conducted by Newmark et al. (1973), Blume et al. (1973), and
Mohraz (1976) and with studies for use in model building regulations.
It was considered appropriate to simplify the form of the curves to a
family of three by combining the spectra for rock and stiff soil con-
ditions leading to the normalized spectral curves shown in Figure Cl1-9.
The curves in this figure thus apply to the three soil conditions de-
scribed below.
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FIGURE C1-8 Average acceleration spectra for different site conditions
(Seed et al., 1976a and 1976b).
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FIGURE C1-9 Normalized response spectra recommended for use in building
codes.
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Soit Profile Type S|--Rock of any characteristic, either shale-like
or crystalline in nature (such material may be characterized by a shear
wave velocity greater than 2,500 feet per second), or stiff soil condi-
tions where the soil depth is less than 200 feet and the soil types
overlying rock are stable deposits of sands, gravels, or stiff clays.

Soil Profile Type Sp--Deep cohesionless or stiff clay soil conditions,
incltuding sites where the soil depth exceeds 200 feet and the soil types
overlying rock are stable deposits of sands, gravels, or stiff clays.

Soil Profile Type S3~--Soft-to-medium stiff clays and sands characterized
by 30 feet or more of soft- to medium-stiff clay with or without inter-
vening layers of sand or other cohesionless soils.

Recommended ground motion spectra for 5 percent damping for the different
map areas are thus obtained by multiplying the normalized spectra values
shown in Figure Cl1-9 by the values of effective peak ground acceleration
and the correction factor of 0.8 if Soil Profile Type S3 exists. The
resulting ground motion spectra for Map Area 7 are shown in Figure Cl-
10. The spectra from Figure Cl-10 are shown on Figure Cl-11 plotted in
tripartite form. It can be readily seen on Figure Cl-11 that for all
soil conditions the response spectra in the period range of about 1|
second are horizontal or equivalent to a constant spectral velocity.

The spectral velocity values are proportional to the values of A, given
on the map for Effective Peak Velocity. For close-by motions represented
by the innermost contours on the maps, spectra such as are shown on
Figure Cl-10 and Cl-11 are applicable. Where the two sets of contour
values differ, the portion of the response spectrum controlled by the
velocity should be increased in proportion to the EPV value and the
remainder of the response spectra extended to maintin the same overall
spectral form. An example of this is shown on Figure Cl-12 where the
response spectra for Las Vegas and a site in South Carolina are com-
pared. The higher response at longer periods, which is believed to be
representative of motion from distant earthquakes, can be readily seen.

On the basis of the studies of spectral shapes conducted by Blume et al.
(1973) and Newmark et al. (1973), spectra for 2 percent damping may be
obtained by multiplying the ordinates of Figures Cl1-9 and Cl-10 by a
factor of 1.25.

Spectra for vertical motions may be determined with sufficient accuracy
by multiplying the ordinates of the spectra for horizontal motions by a
factor of 0.67.

Lateral Design Force Coefficients

The equivalent lateral force method of design requires that a horizontal
force be accommodated in the structural design. The magnitude of this
force is a function of several parameters including the map area, the
seismicity index, the type of site soil profile, the fundamental period
of the building, and the type of building construction.
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For use in a design provision or code it is distinctly advantageous to
express the lateral design force coefficient in as simple a manner as
possible. The recommended procedure for determining the lateral design
force coefficient Cg is given in Sec. 4.2 as follows:

Cg = 1.2 A S/RT?/3, (Ci-1)
The value of Cg need not exceed 2.5 Ag/R for Type S;, Sz, or S3 soils.
For Type S3 soils when Ag is equal to or greater than 0.3, the value of
Cg need not exceed 2 Ag/R. The soil profile coefficient S is given in
Table 3-A as follows:

Soil Profile Type

S S, S3

S 1.0 1.2 1.5

The procedure by which these curves were derived for the response spectra
curves is as follows: As buildings become larger and more complex there
arise, in addition to the increase in modes of vibration, many modes by
which severe damage can be initiated. There is also a greater likelihood
that high ductility requirements may be concentrated in a few stories
of the building. These factors, when combined with the importance of
larger buildings to the community, suggest that the larger and longer
period structures should be given a more conservative criteria or weight-
ing factor. It was judged that this weighting factor should make the
lateral force coefficient approximately 50 percent greater at a period
of 2 seconds for the stiff soil condition than would be obtained by
direct use of the response spectrum. This increase should gradually
reduce as the building period shortens.

The use of simple soil factor in £gq. Cl-1 produces a direct approxi-
mation of the effect of local site conditions on the design require-
ments. This direct method eliminates the need for the estimation of a
predominant site period and the computation of a soil factor based on
the site period and the fundamental period of the building.

These suggested modifications could be modeled by Eq. Cl-1 given above
including the soil profile factor S. The value of S for Soil Profile
Type S3, which represents a 50 percent increase over the value for stiff
soll spectra, equals the maximum value of the S value in the present
code. Lateral force design curves for the three soil types are shown
on Figure Cl-13. These have been computed directly from the above rela-
tionships with the values of Ay, A, and R taken as 1.0. A compari-
son between the lateral design force coefficients and the free field
ground motion spectra is shown on Figure Cl-14.

In the application of these recommendations the values of Ay and A, may
not be equal so that the lateral force coefficient curves will be dif-
ferent from those discussed above. To illustrate the varying effects
obtained from the use of the tateral force equation, the respective




curves of CgR for shall stiff soil sites for several cities are shown

on Figure Cl-15.
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FIGURE C1-15 Representative design coefficient curves for Soil Type S
in four different locations.

County-by-County Maps

It is generally recognized that the exposure to seismic hazard decreases
as the distance from an active seismic region increases. It was in
recognition of this simple premise that among the first recommendations
made during the Applied Technology Council project leading to the early
version of these provisions was abandonment of the broad uniform seismic
zoning then being used. The first recommendation suggested that seismic
zoning should be on the basis of the contours shown on Figures Ci-3,
Cl-4, Cl-5, and Cl-6 with interpolation being used to obtain values
between the contour levels. It soon became apparent that interpolation
by the user would produce some difficulties in.coastal areas and along
the international borders where interpolation would require extension of
the contours beyond the national boundaries. This difficulty, combined
with the problem of defining a simple interpolation precedure with no
ambiguity led to an alternate method of producing zoning maps--the use
of Map Areas with specified values of A3 or A, with boundaries along
those of political jurisdiction. The simplest form of subdivision for
the contiguous states was done by the use of county boundaries.

The county-by-county seismic design reglonalization maps are presented
in Chapter | of the provisions as Figures lI-1 and 1-2 and are used to
determine the A; and A, coefficient values, respectively. The county-
by-county maps were prepared by assuming that each county should be
represented by the highest contour in that county. In developing the
county-by-county map, intermediate contours were drawn for coefficient
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values of 0.3 and 0.15, which are listed in Table 1-B but are not shown
on Figures Cl1-3 and C1-5. It can be seen that the procedure of assigning
the same value throughout a county produces discontinuities in some areas
of the map. For this reason, contour maps have been provided in Figures
1-3 and 1-4 for use in such areas and where the Regulatory Agency prefers
such maps. It is strongly recommended that local jurisdictions consider
microzonation of their counties which have better definition of the
earthquake hazard.

Seismicity Index

A Seismicity Index is included in these provisions. The Seismicity
Index is intended to reflect the ability of different types of construc-
tion to withstand the effects of earthquake motion. This Index is re-
jated to the toughness or energy-dissipation characteristics of the
construction type used and provides a means in Table 1-A of determining
which construction types are permitted in each of the Map Areas. It is
recognized that damaging seismic motion can be better correlated by
using velocity rather than acceleration and, therefore, the Seismicity
Index is determined from the map values for EPV in accordance with Table
1-B of the design provisions. It should be noted that the Seismicity
Index values are different in Map Areas | and 2 although the A, values
are the same. A minimum value of Az and A, of 0.05 was used throughout
and designated as Map Area |. Where the seismic risk procedure produces
a value of 0.05, the Map Area value is changed to 2 and the Seismicity
Index becomes 2. The Seismicity Index values are planned for careful
review during the provisions updating effort.

The values of the coefficients Ay or A,, and the Seismicity Indexes assoc-
fated with Map Areas are as follows:

Map Area Ay Ay Seismicity Index
7 0.40 0.4 4
6 0.30 0.3 4
5 0.20 0.2 4
4 0.15 0.15 3
3 0.10 0.10 2
2 0.05 0.05 2
1 0.05 0.05 1

Cost Implications

The effect of these design provisions on the initial cost of buildings
is enormously complex and it is possible to arrive at many different
answers depending upon:

l. The role in society of the person answering.

2. Whether or not the building is required to remain functional
after a major earthquake.
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3. Whether or not some seismic design requirements already apply
to the building.

Building Costs. First consider the case of new construction that is
not subject to the requirement of remaining functional following an
earthquake. The major factors influencing the cost of complying with
these provisions are:

1. The complexity of the shape and structural framing system for
the building. It is much easier to provide seismic resistance in a
building with a simple shape and framing plan.

2. The cost of the structural system (plus other items subject to
special sefsmic design requirements) in relation to the total cost of
the building. In many buildings, the cost of providing the structural
system may be only 25 percent of the total cost of the project.

3. The stage in design at which the provision of seismic resistance
is first considered. The increased cost can be inflated greatly if no
attention is given to seismic resistance until after the configuration
of the building, the structural framing plan, and the materials of con-
struction have already been chosen.

Obviously, the change in cost can vary enormously from project to pro-
Jject.

Information on the approximate cost impacts resulting from implementation
of an earlier version of the NEHRP Recommended Provisions was prepared
by Weber (1985) during the BSSC study of the societal implications of
using improved seismic design provisions. This information, which is
presented here, summarizes the results of 52 case studies which com-
pared the costs of constructing the structural components of a wide
variety of buildings designed according to two distinct criterfa: (1)
the prevailing local building code; and (2) a proposed set of improved
seismic safety provisions (as noted above, an earlier version of the
NEHRP Recommended Provisions). Some of the case studies also compared
the structural engineering design time required for the two design cri-
teria. The case studies Included multifamily residential, office, indus-
trial, and commercial building designs in nine U.S. cities.

The case studies that served as the primary data source for Weber’s
study (1985) resulted from the BSSC trial design program that was con-
ducted in 1983-84. This trial design program was established to evaluate
the usability, technical validity, and cost impact of the application
of a somewhat amended version the 1978 ATC provisions. It is important
to note that these provisions were further refined as a result of the
trial design program and during the BSSC balloting process and, there-
fore, as noted by the BSSC (1984b): "Some buildings showing high cost
impacts [would] be significantly affected by new amendments... that
should tend to reduce the impact."

The framework for selecting the specific building designs included in
the trial design program {s first described. The major factors con-
sidered in that selection framework include building occupancy type,
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structural system, number of stories, and the cities for which the de-
signs were developed. The types of cost data reported by the partici-
pating engineering firms also are described. The cost impact data re-
sults of the trial designs then are presented in summary form by building
occupancy type and by city. In presenting the cost data, Weber dis-
tinguishes ‘between two separate cases: (1) building communities not
currently using a seismic code of any kind (e.g., Memphis and St. Louis)
and (2) building communities that currently are using a seismic code
(e.g., Charleston and Seattle).

According to Weber, the construction cost impact of the earlier version
of these provisions generally depends on two major groups of factors:
those related to characteristics of the building itself and those related
to the location in which the building is to be constructed. The first
group includes such factors as the planned occupancy of the building,
the structural system used to support the building, the general shape
of the building in terms of number of stories and floor plan, and the
total size of the building. The second group includes such factors as
the seismic hazard of the building site and the degree to which that
hazard is reflected in the current local building code. Because each
of these six cost impact factors can assume several different values,
the number of potentially unique trial designs is very large indeed. A
statistically valid experimental design that would adequately sample
from each of these unique cases (combinations of cost impact factors)
would have required a total sample size that was well beyond the budget
and time available for the BSSC trial design program.

Because of the necessary limit on the number of trial designs, the case
study approach was used as an alternative to statistical sampling. In
order to make the case studies as representative as possible, a frame-
work was developed distributing the trial designs over the broad range
of values for each of the cost impact factors mentioned above. This
overall framework used for selecting the specific building designs in-
cluded in the trial design program is best illustrated by referring to
Table Cl-1. Beginning with the left-hand column, there are four types
of building occupancy included in the framework: residential, office,
industrial, and commercial. As the next four columns show, the struc-
tural system was divided into four elements, each of which has a number
of different types: vertical load resisting system, seismic resisting
system components, other vertical components, and floor or roof com-
ponents. For example, the vertical load resisting system could use either
bearing walls or a complete vertical load carrying frame. The method
of resisting seismic forces could employ such systems as plywood walls,
concrete masonry walls, brick walls, precast concrete walls, reinforced
concrete shear walls, prestressed moment frame, or steel braced frame.
The number of stories varied from single-story to a high-rise building
with 40 stories. Between these extremes there were buildings with 2,
3, 5, 10, 20, and 30 stories. As indicated in the far right-hand col-
umns, the trial designs were distributed over nine cities: Los Angeles,
Seattle, Memphis, Phoenix, New York, Chicago, Ft. Worth, Charleston, and
St. Louis. These cities cover the range of seismic hazard tevels found
in the United States and they vary in the degree to which seismic pro-
visions are contained in their local building code. For example, Los
Angeles is in a very high seismic hazard area while New York City is_in
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a low. hazard area. Similarily, Seattie has adopted the Uniform Building
Code (1979) seismic provisions while the city of Memphis, although expos-
ed to considerablLe seismic hazard, has no seismic provisions in its
building code.

There are a total of 468 possible combinations of the 9 cities with
the 52 building types. Each of these combinations constituted a poten-
tial candidate for inclusion in the trial design program. Each candidate
is represented by one of the cells in the nine columns on the right-hand
side of Table Cl-1. From all these potential candidates, 46 were select-
ed as the building design/city combinations used in the trial design
program. These selected combinations are represented by dots that appear
in the cells of Table Cl-1. For 6 of these 46 buildings, alternative de-
signs were also developed to provide 6 additional cost impact estimates.
As a result, there are 52 data points for which cost impact estimates
are available.

For each of the 52 building designs included in the trial design program,
a set of building requirements or general specifications was developed
and provided to the responsible design engineering firm. An example of
such building requirements specifications is presented in Table Cl-2.
Within these requirements designers were given latitude to assure that
building design parameters such as bay size were compatible with local
construction practice. The designers were not permitted, however, to
change the basic structural type. For example, they could not change
from a reinforced concrete frame system specified in the building re-
quirements to a reinforced concrete shear wall system. Such changes
were not permitted even if an alternative structural type would have
cost less than the specified type under the early version of the provi-
sions. This constraint may have prevented the designer from selecting
the most economical system and, consequently, may have resulted in over-
estimates of the cost impacts for some of the trial designs. The |7
design firms involved in the trial design program and the building de-
signs for which each was responsible are identified by city in Table
Ci-3.

For each of the trial designs, the engineering firms developed two indi-
vidual desians for the structural components of the buildings. One
design was based on the prevailing local building code and the other
was based on the tentative provisions for the city in which the building
was to be located. The former will be referred to as the Local Code
Design and the latter will be referred to as the Tentative Provisions
Design. Both of these desians are described in considerable detail
for each trial design in the engineering reports submitted by the firms
(BSSC, 1984c). It should be noted that only structural components were
included in the analysis for the 52 trial designs summarized here.
Consequently, the Tentative Provisions Design did not include those re-
quirements for nonstructural elements (described in Chapter 8 of these
as well as the earlier version of the provisions). The engineering
reports also include detailed estimates of the construction costs for
the structural components of each of the two designs (Local Code Design
and Tentative Provisions Design). These cost estimates were derived
using standard, nationally recognized cost estimating guides that take

into account local cost factors. The estimates were made on the basis
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TABLE Cl-1 Framework for Selecting BSSC Trial Designs

Citles
8 se |l
g |
£z 5 %
Vertical & 9 2| BF IS !
Load Selsmie Reslsting System Other Vertical Floor or Moof B |$ ] rei
Man Form S¥nlcm Components Components Components g i
Plywood walt Wood + plywood disphrsgm| 1 ole
Concrete_masonty wall W 0 p{?ﬁ?ﬁeﬁﬁ‘m e i
and_concrete_masonry Wood + plywood dlaphragm [ A ° ‘
Concrate_ma wall Preytressed siab e of | |
Reinforced concrete siab |
Beick wall [ Reinforced concrele siub i2]e [
B:ll‘:‘l.' Reinforced concrete siab | 5A 10 o
L ; Steel jolst 8
Brick and concrete masonry wall B : .
Steel jolst 1 12
elnforced concrete slab 8 5 °
Relnforced conrete wail elnforced concrete sia [] 12 .
b3t-leislonsed slab 10 .
Residentlal Prestressed slab 11 5 [
Precast concrete wall |
Prestressed slab 12 12
Steel, braced frame (transverse)/ | Stoel Framing Steel Jolsts 13 |10 '
momaent frame (longltudinal) Steel Praming Steel beam & RC slab 14 |20 . 1
C _framin RC fiat plate 10 | o] °
Reinforced concrete shear wall C _lramin Fosl-umiomd flat plate i | ® °
Complete (RC framing Post-lensloned flat plate
Vertlcal [0 rced concrete moment RC framhg RC flal plate Y l1a [1ofe] [e
Carrying frame (parimeter) RC framing RC fiat plate 19 | 20
Frame RC framl RC flat plale 20 0
RC, MF (perimeter) & SW (dual) et . L
RC (raming RC (iat plate 20A | 30 ° :
RC f | RC MNat slab 21
Bearing | Reinforced concrete wall (core) el g s o L
walls RC (raming RC flat slab 22 20 00
PC_wall linterlor & exterlor) PS framlng Presiressed siab Z3_| 10
St f S bei & RC slab 24 10
Reinforced concrele shear wall ser traming il L) — =
Steel framing Steel beum & HC slub 25 20
Steel (raml, Steel b & RC slab 28 20
Steel braced frame SIS oot =
Steet framing Steel beam & RC slab 2RA H 0
Office Complete teel framin, Steel beam & RC siah T 101e] Jo
Vertical Steel :um{é —ﬁee_E-sl TA 0
Load Steel moment frame Steel fram Steel beam & RC slab FZTA 1 § o
Carrylng Stcel framlin Steel beam & R(:_siab 1] !
Frame Steel fram ng teel beamm & RC slab 78A_| 30 10 )
ee ua Steel Tramin Stcel beam & RC slub 29 20 1e
eel an m Steel framin Steel beam_and Re: siab 70| [e
C n_mll_\': Post-lensloned fat_slab T_110 ‘
Reinforced concrete moment frame ramin, HC pan foist & walfle 10 0
C [framin PT pan jolst +
RC, MP & SW (duall raml: Y pan Joist & wallle ~30 |»
 Concrete masonry wall ] Stee Teami _P_&m' ist 1. 0
Bearing oo\ (maybe PS) ram restressed siab g | I
walls P3 Traming C douhle lecs BA [ 3 |
| girders & bheam N
PG _tlli-up_wall Wood Iramin Wood [plywood) 37 I. |s
Industrial [Complele | PC mii:g wall Steel lumlg Steel él:l 38 1. O
Vertieal | g 00 moment frame (transverss)/ | Steel framing Steel purlins & deck 39 L |e o
Carrying | breced frame (longitudinal) Steel framing Steel long-span truss o [n]]e
Frame
Concrele_masonry wall Steel framing Steel Jolst A [ 2
Somlple]u Concrele masonry wall Steel framing Steel Joist 41 2 e
ertical
Commercial | Load Steel framing Steel joist {irregular 42 2 o
Carrying plan_forin) ||
Prame _ |[P§ moment lrame PS Traming [Prestressed slab  J: 3 e 3

1 - All office bulldings will have a high first story, the industrial buildings are sll on one atory (with the
exception of Bullding No. 41A) and for them the L Indicates a low clearance, and H indicates a high
clearance.

RC = relnforced concrete

2 - BP = braced frame MF = moment (rame
SW = ghear wall (non-bearing)

PC = precast concrete PT = post-tensloned concrete
PS = presiressed, precast concrete

3 = With the exceptlion of the Industrial bullding with purlins and steel deck {the metal bullding) all moment
frames in Los Angeles, Seattle, and Memphis are to be Special. All moment (rame in dual systems
must also be Special. All other moment frames may be Ordinary.
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TABLE C1-2 Typical Building Requirements? |

o Plan Form - as per that shown for each building type

o Number of Stories - 20

o Clear Structural Height - 11 feet except that: (a) the first story
shall have a 20 - foot clear structural height, and (b) the clear
structural height does not apply along the perimeter

(o} Plan Story Area - 7,500 to 25,000 sq ft

o Plan Aspect Ratio - 1:] to 2:1

o] Bay Size - 20 foot minimum dimension; 600 sq ft minimum area (mini-
mum bay size does not apply to perimeter column spacing)

o Roof - nominally flat but with a 1/4 in 12 slope for drainage
0o Window Areas - 30 to 40 percent of exterior wall areas '
o] Core Size - proportional to the building height

o) Core Walls and Floors - include openings for doorways, stairs, and
elevators; core wall may be structural

o] Foundation Conditions - selected as representative of those that
could be anticipated in the local, consistent for all designs, and
included in design presentations

0 Vertical Load Systems - complete vertical load-carrying frames

o) Seismic Resisting Systems Components - dual systemb - steel moment
frame (Special) and braced frame

o) Other Vertical Components -~ steel framing

o Floor and Roof Components - steel beams and reinforced concrete
slabs

o) Similarity should be maintained in paired studies, such as local
requirements for live loads and assumed dead loads

(o] Other - not applicabtle

dRequirements vary with building type.

bps defined in Chapter 2 the provisions.
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TABLE C1-3 Design Firms and Types of Building Designs

City/Design Firm

Type of Building/Number from Table 1

Seattle

Abam Engineers, Inc.

Bruce C. Olsen

Skilling, Ward, Rogers,
Barkshire

Los Angeles

S. B. Barnes & Associates

Johnson & Nielsen

Wheeler & Gray

Phoenix

Magadini-Alagia Associates

.

10-Story Steel Frame with RC Shear
Wall (0)/S-24

3-Story Wood with Plywood Walls
(R)/S-1

1-Story Long Span Steel, 30’ Clear
Height-MF and Braced Frames (1)/S-40

20~-Story Steel Frame-Dual
Special & Braced Frames (0)/S-30

3-Story Wood with Plywood Walls
(R) /LA-1

l-Story Wood Frame with Precast
Concrete Tilt-Up Walls (1)/LA-37
1-Story Steel with Moment and Braced
Frames (1)/LA-39

2-Story Steel Frame with RC Block
Walls (C)/LA-41

20-Story Steel Moment Frame with
Shear Walls (Dual) (0)/LA-34

12-Story Reinforced Brick Bearing
Wall with RC Stabs (R)/LA-5
10-Story RC Frame with Shear Walls
(R)/LA-15

10-Story RC Frame (Perimeter) with
RC Slabs (R)/LA-18

10-Story Steel Moment Frame
(0) /LA-27

5-Story RC Bearing Wall (R)/P-10
20-Story RC Bearing Wall with
Core Shear Walls (0)/P-22°
10-Story RC fFrame (Ordinary)
(0)/P-32




TABLE C1-3 continued

City/Design Firm

Type of Building/Number from Table 1

Read, Jones,
Christoffersen Inc.

Allen & Hoshall, Inc.

Ellers, Oakley, Chester
& Rike, Inc.

Ft. Worth, Texas

Datum-Moore Partnership

St. Louis

Theiss Engineering

Chicago

Alfred Benesche & Co.

0 3-Story RC Block Bearing Wall
(R)/P-2

o 5-Story RC Block Bearing Wall
(R)/P-3

o 1-Story Steel Frame with RC Block
Shear Walls (1)/P-35

o0 5-Story Bearing Wall (R)/M-8

o 1-Story Steel Frame with RC Tilt-Up ,
Exterior Shear Walls (1)/M-38

0 2-Story Steel Frame with Non-Bearing
RC Block Walls (C)/M-42

o 20-Story Steel Moment and Braced
Frame with RC Siab Floors (R)/M-14

o 10-Story RC Moment Frame (Perimeter)
(R)/M-18

o 10-Story Steel Moment Frame
(Special) with RC Slabs (0)/M-27

o0 5-Story RC Block Walls with Pre- ‘
stressed Slabs (R)/FW-3

o 10-Story RC Frame with RC Shear
Walls (R)/FW-15

0o 5-Story Steel Moment Frame
(0) /FW=27A |

(R)/SL-5A

o 20-Story RC Frame with RC Shear
Walls (R)/SL-16

o 5-Story Steel Frame with Braced w
Frames at Core (0)/SL-26A ‘

o] 10-Story Clay Brick Bearing Wall i
|

o 3-Story Brick and RC Block Bearing
Walls with Plywood Floor & Roof
Diaphragms (R)/C-2A

o 20-Story RC Frame with RC Shear
Walls (R)/C-16
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TABLE C1-3 continued

City/Design Firm

Type of Building/Number from Table 1

Klein & Hoffman

New York City

Weidlinger Associates

Robertson and Fowler

Charleston, S.C.

Enright Associates

12-Story RC Bearing Wall (R)/C-9
Parametric Study of Steel Moment
and/or Braced Frames (0)/C-26,
c-27, & C-30

1-Story Precast RC Bearing Walls
with PC Double Tee Roof (I)/C-36A

12-Story Brick Bearing Wall (R) /NY-5
30-Story RC Moment Frame and Non-
Bearing Shear Wall (Dual) (R)/NY-
20A

10-Story RC Moment Frame (O)/NY-32

20-Story RC Bearing Wall (0)/NY-22
5-Story Steel Moment Frame (O)/NY-
27A

30-Story Steel Moment Frame (O)/NY-
28A

2-Story Steel Frame with RC Block
Walls (I)/NY-41A

5-Story Brick and RC Block Bearing
Walls (R)/CSC-6

10-Story Steel Frame with RC Shear
Walls (0)/CsC-24

1-Story Steel Moment and Braced
Frame (I)/CSC-39

NOTE: Letters in parenthesis denote building type: R = Residential,
0 = Office, I = Industrial, and C = Commercial.




of current construction costs at the time the designs were completed,
which ranged from early 1983 through the middle of 1984. The percentage
primary raw data on which this paper is based. The focus of the data
is on percentage cost differences rather than absolute estimates, the
slight changes in construction costs during the study period can be
reasonably ‘ignored.

In addition to the estimates of the construction costs for the structural
components of the two designs, the engineering firms also submitted
rough estimates of the additional design time that would be required to
use the early version of the provisions. Typically these estimates were
reported as percentage changes in design time required for the structural
components assuming the design engineer was already familiar with the
provisions.

The cost impact data reported by the 17 design engineering firms that
participated in the trial design program are summarized below.

Table Cl1-4 presents an overview of the construction cost impacts by type
of building occupancy. The five classes of buildings were derived from
the orginal four classes found in the framework for selecting trial
designs by dividing the residential designs into low-rise (five stories
or fewer) and high rise (more than five stories). Because only three of
the office building designs have fewer than ten stories (and those three
have five stories), the office building class is not divided. Similarly,
all seven of the industrial building designs have just one story and the
three commercial designs all have two stories. The third column in
Table Cl-4 presents the percentage change in construction costs for the
structural components of the building, with the Local Code Design as
the base, as estimated by the BSSC trial design engineering firms. As
can be seen, the average change for the structural costs is 5.6 percent,
with by far the largest change (11.2 percent) reported for the high-rise
residential designs. This high average for residential buildings is
significantly influenced by the extremely high estimates reported for
four of these building designs: LAlB (17 percent); Ml4 (16 percent);
M8 (46 percent); and NY20A (20 percent).

The fourth column of Table Cl-4 presents the projected percentage change
in total building construction costs for each building occupancy type.
These total cost changes were projected from the structural cost percen-
tage changes by using data on structural cost as a percentage share of
total building cost for each building occupany type. The percentage
shares are based on data from McGraw-Hill’s, Dodge Construction System
Costs (1984), which reports the structural percentage share of total
building cost. for a large number of typical building designs. The shares
for three of these typical building designs were averaged for each of
the building occupancy types to derive the percentage shares used in
Tables Cl-4 and Cl-5 and reported in the footnotes to the tables. The
average projected change in the total construction cost over all 52 of
the trial designs is 1.6 percent. The high-rise residential building
designs have the highest total building cost impact with 3.3 percent,
both because of the four outliers mentioned above and the relatively
high structural percentage share used for this type of building (30.0
percent). -
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TABLE Cl1-4 Percentage Changes in Structural Cost and Total Building
Cost for the Trial Designs by Building Occupancy Type

Building Number of Estimated Change In Projected Change
Occupancy Designs Structural Cost (%)@ in Total Cost (%)
Low-rise 9 3.6 0.7

residential®

High-rise 12 11.2 3.3

residentiald

Office 21 4,7 1.3

Industrial 7 1.5 0.5

Commercial 3 5.6 1.7

Average Percentage
Change 5.6 1.6

dpPercentage change in structural construction cost from the local code
to early version of the provisions, as estimated by the BSSC trial design
engineering firms, 1983-1984.

bProjected percentage change in total building construction cost from
the local code to early version of the provisions, derived from esti-
mated structural cost changes by using the following McGraw-Hill’s,
Dodge Construction Systems Cost (1984) data on structural cost as a
percent of total building cost: low-rise residential,18.1%; high-rise
residental, 30.0%; office, 28.1%; industrial 33.7%; commercial, 29.5%.

SFive or fewer stories.

dMore than five stories.




TABLE C1-5 Percentage Changes in Structural Cost and Total Building
Cost for the Trial Designs, by City and City Group With and Without
Seismic Provisions in Current Local Codes

Number Of Estimated Change In Project Change in
City Designs Structural Cost (%)4 Total Cost (%)P

Cities Without Seismic Provisions

Chicago 10 2.5 0.7
Fort Worth 3 6.1 1.5
Memphis 6 18.9 5.2
New York 7 7.3 2.1
St. Louis 3 4.5 1.3

Average Percentage 7.6 2.1

Change

Cities With Seismic Provisions

Charleston 3 -2.5 -0.6
Los Angeles 10 4,2 1.3
Phoenix 6 6.9 1.9
Seattle 4 -1.1 -0.3

Average Percentage 3.1 0.9

Change

Overall Average

Percentage Change 5.6 1.6

@percentage change in structural construction cost from the local code
to early version of the provisions, as estimated by the BSSC trial design
engineering firms, 1983-1984.

bProJected percentage change in total building construction cost from
the local code to early version of the provisions, derived from esti-
mated structural cost changes by using the following McGraw-Hill’s,
Dodge Construction Systems Cost (1984) data on structural cost as a
percent of total building cost: low-rise residential,18.1%; high-rise
residental, 30.0%; office, 28.1%; industrial, 33.7%; commercial, 29.5%.
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Table C1-5 presents data similar to that in Table C1-4 but for each city
grouped according to whether the city currently has a seismic buflding
code or not. As expected, the average estimated change in the struc-
tural cost is considerably higher (more than twice as high) for those
cities with no seismic provisions in their local codes than for those
with seismic provisions: 7.6 percent versus 3.1 percent. A similar
relationship holds for the projected change in total buflding cost:
2.1 percent for cities without seismic provisions versus 0.9 percent
for those already having some seismic provisions in their local codes.

Table Cl-6 summarizes the estimates made by the engineering firms of the
change in structural design time that is expected to be required once
the firms become familiar with the provisions. The 52 responses are
divided into the four categories: negligible change, positive but un-
specified change, positive specified change, and negative specified
change. The fourth category means that the newer provisions, once adop-
ted and familiar to the design firms, would require fewer design hours
than the current codes do. The first response category of negligible
change was the most common with 28 designs.

TABLE C1-6 Possible Effects of the Earlier Version of the Provisions
on Structural Engineering Design Time as Reported by the Trial Design
Firmsd

For 28 bullding designs negligible change was reported:
LALl, Si, P2, P3, LA5, SL5A, CSCeé, C9, P10, LALIS5, FWIS5, SL16, LA1S,
NY20A, S24, CSC24, SL26A, LA27, FW27A, NY28A, NY32, P35, C36A, LA37,
CSC39, S40, LA41

For 11 building designs positive but unspecified change was reported:
C2A, FW3, NY5, C26A, C26, C27, C27A, 530, C30A, C30, NY4lA

For 11 building designs positive specified change ranging from 5% to
50% was reported:

M8, M14, Cl6, MIB, P22, NY22, M27, NY27A, P32, M38, M42
For 2 buflding designs negative specified change of -5% was reported:

LA29, LA34

8For descriptions of the individual building designs listed here, see
Table Cl1-3.
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The results of the BSSC trial design program presented here provide
some idea of the approximate cost impacts expected from implementation
of the NEHRP Recommended Provisions. For the 29 trial designs conducted
in the 5 cities (Chicago, Ft. Worth, Memphis, New York, and St. Louis)
whose local building codes currently have no seismic design provisions,
the average projected increase in total building construction costs was
2.1 percent. For the 23 trial desfgns conducted in the 4 cities (Char-
leston, Los Angeles, Phoenix, and Seattle) whose local codes currently
do have seismic design provisions, the average projected increase in
total building construction costs was 0.9 percent. The average increase
in costs for all 9 cities combined was 1.6 percent. Although an analysis
of the cost effect of the 1985 edition of the NEHRP Recommended Provi-
sions has not been conducted, it is anticipated that the modifications
made to the earlier version studied would have little effect on cities
subject to high seismic risk but would reduce the cost effects on cities
subject to smaller risk.

The costs cited above are of greatest interest to the owners of a pro-
posed building. There are other potential cost implications of these
provisions, each of which reflects the viewpoint of different groups in
society.

Any change in design requirements aiso has potentially significant costs
to suppliers of building materials and of proprietary building systems.
In the short run, changes may adversely affect the competitive advantage
of an organization or industry. In the long run, however, American
industry has always shown remarkable adaptability to new building regula-
tory requirements.

Adoption of new design requirements may mean additional costs to city,
state, and federal agencies charged with administration and enforcement
of the requirements. Such agencies are in a position similar to that
of an engineering firm.

Implied Risk

This commentary section discusses methods for evaluating implied risk
and presents one estimate of the risk implied by these seismic design
provisions. The word "risk" is used here in a general sense to indicate
losses that may occur in the future at uncertain times and in uncertain
amounts as a result of earthquake ground-shaking.

It is not possible by means of a building code to provide a guarantee
that buildings will not fail in some way that will endanger people, as
a result of an earthquake. The fact that a code cannot ensure the abso-
lute safety of buildings may be desirable that it not do so since the re-
sources to construct buildings are limited. Society must decide how it
will allocate the available resources among the various ways in which
it desires to protect life safety. One way or another, the anticipated
benefits of various life-protecting programs must be weighed against
the cost of implementing such programs.
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One reason a code cannot ensure absolute safety is the present (and
probably future) inability to describe on firm scientific ground the
strongest earthquake ground-shaking that might possibly occur at any
specified location. As long as it is not possible to describe the larg-
est possible ground-shaking, it is impossible to design for zero risk.
Hence, a decision to design a building for a specified capacity has
associated with it an Implicit risk. This implied risk may be quite
small (e.g., | chance in 10,000 that a building will fail during an
earthquake), but it is greater than zero.

None of the methods or estimates presented in this section are precise.
Indeed, they are quite crude and quite uncertain. However, the methods
and estimates serve two very valuable purposes: First, they show the
factors and considerations that influence overall risk. Second, they
give a general indication of the level of safety provided by these seis-
mic design provisions in comparison with other risks faced by society.

Expressing Losses. In general, losses may be in the form of damage and
repair costs, injuries and fatalities, and the indirect adverse effects
upon a8 community, region, or country. Because the emphasis of these
seismic design provisions is on life safety, this Section is specific~
ally concerned with losses directly related to life safety. In many
ways it might be more appropriate to use injuries and fatalities (i.e.,
"major casualties") as a measure of the risk to life safety. Because
many people find it difficult to talk in terms of predicted major casual-
ties and it is difficult to make accurate predictions concerning major
casualties, this section will make use of an indirect measure of the
risk to life safety--the risk of failure of buildings where such failure
would imply a threat to life safety. More precise definitions of failure
will be discussed subsequently.

Expressing Probability. The time when the next major earthquake will
affect a particular city is unknown as is the magnitude of that earth-
quake. The future losses sustained in that city may result from several
moderate-sized earthquakes or from a single large earthquake. Since
there is little agreement as to the specific nature of the most intense
ground-shaking that might occur, especially in the less seismically
active parts of the country, it is difficult to be specific about the
largest possible losses that might occur. These considerations mean
that the future losses are uncertain and some measure of probability
must be used in the examination of such losses. This might be done in
several ways, but two approaches are commonly used.

One way Is the use of average annual losses. Risk might be expressed
as the average dollar loss per year, the average major casualties per
year, the average number of building failures per year, etc. Losses
expressed in this way are annual risks. However, large earthquakes are
very rare events, and losses averaged for such infrequent events may
not give a meaningful portrayal of the large loss that might occur for
one such event.

The second way is to define a threshold of loss and to estimate the
probabfility that the threshold will be equaled or exceeded during some
earthquake. For example, one might speak of the probability that the
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dollar cost of damages and repairs will exceed $! billion dollars during
at least one earthquake during the next fifty years. The threshoid
might alternatively be some number of human casualties or some number
of bullding failures.

General Procedure for Estimating Probability of Failure. The design
earthquake ground motion by itself does not determine risk; the risk is
also affected by the design rules and analysis procedures used in con-
nection with the design ground motion. Thus, the overall risk to a
building is determined by both the seismic hazard and the probable build-
ing performance. This is expressed by the following equation giving
the average number of faiiures, f, per year for an individual building.

f = p[Fia) g5 da, (C1-2)
where
a = the EPA or EPV as appropriate,
P[Fla]l] = the probability of failure if an intensity of
shaking with EPA = a occurs, and
vy = the annual rate at which intensities of shaking

are exceeded (see Figure Cl-7).

The integration is over all possible values of a. The average annual
rate of failures can then be converted to the probability that failiure
will occur during some period of time. This is the same as the conver-
sion between the left-hand and right-hand scales of Figure Cl-7.

Estimated Performance of Buildings Designed According to These Provi-
sions. The following paragraphs give rough estimates, based on exper-
jience and judgment, of the probability of failure occurring when a build-
ing designed in accordance with these provisions is subjected to dif-
ferent levels of ground-shaking. However rough, the estimates should
suffice for general guidance as to the degree of safety implicit in these
provisions. The estimates are intended to appiy to a building of moder-
ate size and complexity meeting the minimum requirements of these provi-
sfons.

If the design ground motion were to occur, structural collapse--meaning
col lapse of part or, in extreme cases, of all of a building~--should not
be expected in buildings designed in accordance with the provisions.
(Faflures due to design or construction errors cannot be prevented by
design requirements alone; detailed design reviews and mandatory con-
struction inspection are also necessary.) If ground motions twice as
strong as the design ground motions were to occur, there might be struc-
tural collapses in about | to 2 percent of the buildings designed in
accordance with the provisions. [If a ground motion is three times as
strong as the design earthquake motions, this percentage might be 5 to
10 percent.
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If the design ground motion were to occur, there might be 1ife-threat-
ening damage in 1 to 2 percent of buildings designed in accordance with
the provisions. (In each building so damaged, on the average, about 1
percent of the occupants might be major casualties.) If ground motions
two or three times as strong as the design ground motions were to occur,
the percentage of buildings with life-threatening damage might rise to
about 10 to 50 percent, respectively.

These estimates are presented in graphic form in Figure Cl-16 to 11lus-
trate the expected performance of buildings designed for different EPAs.
Possible extrapolations of the relations are suggested. The extrapola-
tion toward low conditional probabilities of failure is difficult to
estimate; in effect, one is asking what is the probability of major
design and construction errors such that the building might "fail" during
a very small ground motion.

Implicit Risk for a Single Building. The information contained in Fi-
gures Cl-7 and Cl-16 has been used as input to Eq. Cl-2, to compute
failure probabilities for four buildings: one located on the contour
in Figure Cl-3 for 0.4g and designed for that EPA, one on the contour
for 0.2g and designed for that EPA, and likewise for buildings located
on the 0.10g and 0.05g contours. In each case, several different assump-
tions were made as to how the solid line in Figures Cl-7 and Cl-12 should
be extrapolated.

It was found that, because of compensating trends, the probabilities of
failure were roughly the same for each of the buildings. For buildings
on the contours for 0.05g and 0.10g, the result is influenced strongly
by the way in which the curves of Figures C1-7 and Cl-16 are extrapolated
to larger values of EPA or EPV. On the other hand, the results for a
building located on the contour for 0.4g are influenced strongly by the
extrapolations to smaller values of EPA or EPV.

Table Cl-7 gives estimates for the probability that the two types of

failure will not occur within a 50-year period. Note that these proba-
bilities are more favorable than those for the design EPA or EPV. This
simply means that a building generally will not fail just because the

shaking in some earthquakes slightly exceeds the design EPA.

It must be emphasized that these estimates are very crude. All of the
potential difficulties discussed above apply even more strongly here.

Implicit Risk for a Group of Buildings. If there are a number of similar
buildings at some location such that all buildings experience approx-
imately the same shaking during any one earthquake, the probability
that at least one of the buildings will fail is greater than the prob-
ability that any one particular building will fail. Calculations have
also been made for this case assuming 100 similar buildings. Results
are included in Table Cl-7. This case represents, in a very crude sort

of way, the expected performance in any one city of new construction
designed and constructed in accordance with these provisions.
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When one considers a series of cities, the probability that at least
one failure will occur becomes even greater. To illustrate this, assume
five citles each having 100 buildings designed in accordance with these

provisions. From Table C1-7 it is seen that the probability of a failure
occuring is no longer insignificant.

| These resuits emphasize that the perception of the level of safety
achieved by the provisions is different for the owner of a single build-
| ing, the public officials of a city, or the public officials of a state.
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TABLE: C1-7 Probability of Not Having Any Failures During a 50-Year
Period (in percent)

Type of Failure

Life-Threatening Structural
Damage Col lapse
Single building 99 99 to 99.9
100 buildings - 1 city 90 95
100 buildings - 5 cities 65 85

Acceptable Risks

There are no laws in the United States that state an "acceptable number"
of fatalities per person exposed per year or any other proposed defini-
tion of acceptable risk. There also are no judicial decisions that give
firm guidance. Legislative bodies have chosen alternatives with implied
risks that have been stated quantitatively. For example, in arriving
at new seismic requirements for existing buildings, the Long Beach City
Council opted for an alternative to which a risk of 10~° fatalities per
person exposed per year had been attached (the other alternatives implied
smaller risks). Obviously there have been many other cases where legis-
lative, Jjudicial, and executive bodies have made choices that imply
some level of risk. However, all such instances taken together do not
constitute a firm set of precedents.

There have been attempts to determine an acceptable level of risk on
fundamental grounds. For example, Wiggins (1975) compiled data for
the risk in situations (driving, flying commercial airlines, accidents
in the home) where people more or less knowingly exposed themselves to
risk. These so-called voluntary risks are of the order to 200 fatalities
per million people exposed per year. Then Wiggins referred to the work
of Starr (1969), who concluded that the public wants involuntary risks
(such as from earthquakes) to be much smaller (say 100 to 10,000 times
smal ler) than voluntary risks. Thus, the acceptable risk from earthquake
might be between | and 0.0l fatalities per million people exposed per
year.

As a second example, Figures Cl-17 and Ci-18 summarize data for the
probability of man-made and natural disasters causing greater than vari-
ous numbers of fatalities. Obviously, these data reflect past practice
and not necessarily levels of risk that are desirable. I[f the "total
man-caused" and "total natural" curves are reduced by 1,000 (so as to
give a level of risk that would not contribute significantly to total
overall risk) for a 50-year period, there would be a 2.5 percent proba-
bility of one or more such events.
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The analysis provided above in the discussion of implied risk can be
used, in a crude way, to provide risk estimates for comparison with
Figures Cl-17 and Cl-18. Consider buildings of moderate size housing
several hundred people, such that a structural collapse would--consider-
ing that buildings are usually unoccupied or lightly occupied for much
of a week--on the average cause 100 fatalities. For the case of five
cities with 100 buildings in each city, the frequency of an earthquake
causing about 100 fatalities was estimated to be 0.003 events per year.
With 50 cities with 100 such buildings each, the rate rises to 0.03
events per year. To the extent that this calculation is valid, it might
then be concluded that these provisions are not unduly conservative.

Another approach to determining an appropriate level of risk is by a
cost-benefit analysis. Such analyses are difficult when lives are at
stake but can be applied to the prospective loss aspect of earthquake
damage. Although these provisions have been written to minimize the
hazard to life safety, as a by-product they will reduce damage costs--
especially during moderate-sized earthquakes. In highly seismic areas
where moderate earthquakes occur frequentiy, any increase in building
costs will be offset by reduced costs of damage. In less seismic areas,
however, seismic design requirements can be justified only in terms of
life safety; the expected savings in damage during very infrequent earth-
quakes are not great enough to justify an average | percent increase in
building costs.

Other Viewpoints. The technical approaches described in the previous
paragraphs are useful in helping to decide whether or not the level of
risk implicit in a proposed course of action is acceptable. However,
these approaches do not by themselves make such decisions. Rather,
they are made through legislative, administrative, and judicial pro-
cesses.

In proposing and enacting legislation, administrative and legislative
bodies have increasingly expressed interest in results from technical
cost-benefit and risk-benefit studies. However, such bodies make it
clear that they do not wish to be bound by the results of such studies,
and it is understandable that any administrator or legislator would be
very hesitant to explicitly endorse any non-zero risk of fatalities as
being acceptable. Ultimately, administrators and legislators are guided
by their own perceptions of the wishes of society.

Society--the mass of people--makes its decisions based on fragmented
information and from many varying viewpoints. The people, individually
and collectively, simply do not perceive risk in a quantitative manner
that can even relatively be correlated. Society is strongly influenced
by credible leaders. To the extent that such leaders are influenced by
technical analyses, society is indirectly influenced by them.

Administrative bodies have the task of interpreting legislation so as
to know how to apply it, and the act of interpretation implicitly in-
volves decisions about acceptable risk. In this role, administrative
bodies evaluate their risk by relating administrative directives to the
ultimate in peer practice.
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Often the courts become the final judge of whether a proposed course of
action for mitigating a hazard is acceptable. The body of law that has
been developed in the area of flood plain regulation Is a useful guide
to judicial reactions to hazard mitigation. The lesson is to match
severity of the regulation to the severity of the risk. The courts
follow the principle of the reasonable person who strives to achieve
this balance and uses data to support findings of the appropriate bal-
ance.

1.4.2 Seismic Hazard Exposure Groups

Historically, the typical occupancy classifications in building codes are
based on the potential hazards associated with fire. Review and evalu-
ation of existing building code provisions indicated that most occupancy-
type classifications do not meet the purpose of this document. For
example, a large-scale enclosed-mall-type regional shopping complex is
a relatively new architectural form representing a potentially high risk
occupancy that existing codes do not specifically address properly.
These classifications are based not only on different considerations
than those related to seismic resistance but, in some cases, on consider-
ations that are contrary to good seismic performance.

Attention was given to the Model Code Standardization Committee’s (MCSC)
Code Change Proposal 111-75-1, which recommended a series of change of
occupancy designations to refer to the same use in all model codes.
The MCSC changes, however, did not seem sufficiently varied to cover
all issues related to seismic safety since they were limited to only
seven broad, general, fire-oriented classifications: assembly, business
(including offices, factories, mercantile, and storage), educational,
hazardous, institutional, miscellaneous structures, and residential.

A new approach was needed for defining occupancy exposure to seismic
hazards based on a commonality of conditions proposed for the use of a
building facility or space. Conditions would involve evaluation of
parameters consisting of, but not limited to:

1. The number, age, and condition of the persons normally expected
to be within or without the immediate environs of the building.

2. The size, height, and area of the building(s).

3. The spacing of the buildings to public rights-of-way over which
the designer has no control relative to the future number of persons
exposed to risk by the buildings.

4, The varying degree of built-in or brought-in hazards based
on possible use of the building.

Accordingly, as development of these provisions was beginning, occupancy
types were regrouped and expanded to cover a complete range of factors
critical to seismic safety in terms of life loss. The expanded cliassi-
fication types were derived from the 1973 Uniform Building Code (UBC)
and are presented in Table (C8-5, Tentative Matrix, in the Chapter 8
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Commentary. (Note that they were developed only for study purposes and
are not intended as recommended changes to any building code.)

In terms of post-earthquake recovery and redevelopment, certain types
of occupancies are vital to public needs. These special occupancies
were identified and given specific recognition. In terms of disaster
preparedness, fire and police stations, hospitals, and regional communi-
cation centers identified as critical emergency services should not
be included in the same classification as retail stores, office build-
ings, and factories as is presently the case in some codes.

Because of vital public needs immediately following a natural disas-
ter, attention was given to the preservation of strategic contents in
distinct building types. For example, should storage facilities for
medical supplies, critical foodstuffs, and other emergency materials
require a higher seismic performance than the storage of less vital
reserves and provisions?. It was noted that disaster recovery officials
initially considered the identification and protection of critical stocks
needed during or immediately following an earthquake to be of paramount
importance. This was not to imply that all warehouses and storage facil-
ities must be designed for the ultimate protection of any or all con-
tents. What was indicated was that warehouse facilities should be de-
signed on the basis of their maximum level of intended function or, to
state it another way, medical supply warehouses being designed under
higher standards may house anything while storage facilities of lesser
ratings may not store critical supplies unless brought up to a higher
level of seismic performance.

Subsequent discussions with disaster recovery officials revealed that
emergency contingency plans contemplated bringing needed medical and
other recovery items including foodstuffs into a disaster area from
outside staging areas. Therefore, no separate category of warehousing
was required for the storage of critical materiais. Table C8-3 thus
has 10 occupancy groups, A through I, with some individual occupancies
and groups bearing little or no relationship to current code groupings.

The occupancies then were consolidated into five basic groups by making
a few compromises. This consolidating was done in an effort to place
those occupancies initially listed in the Tentative Matrix into groups
that shared common components performance criteria. The consolidation
indicated that these groups were easily identifiable by use patterns,
confirmation of the original occupancy-component-performance criteria
rating. This intermediate group was:

Group I--fire, police, hospitals.
Group IlI--public assembly, open air stands, day care, schools,

colleges, retail stores, shopping centers, offices, hotels, apartments,
emergency vehicles, power utilities.

Group IIl[--restrained occupants, nurseries (nonambulatory), ambu-
latory. i
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Group IV--aircraft hangers, woodworking, factories, repair garages,
service stations, storage garages, wholesale, general warehouse, printing
plants, factories, ice plants, dwellings, hazardous flammable storage,
less hazardous flammable storage.

Group V--private garages, sheds, barns.

The final occupancy grouping in Table C8-4 resulted from a logical con-
solidation of Table (C8-3, consideration of code enforcement problems,
and the need to use a common hazard exposure grouping for all of the
design provisions. It is felt that this grouping can be augmented as
local conditions warrant. Specific consideration was given to Group
Ill, essential facilities, to ensure that only those facilities specific-
ally designated by the cognizant jurisdiction would be included because
this determination has both political and economic impact.

Group Il contains those occupancies that have large numbers of occupants
either due to the overall size of the building or the number of stories;
the character of the use, such as public assembly, schools, or colleges;
or a height that exposes the occupants to greater life safety hazard.
Other considerations included uses wherein the occupants were restrained
or otherwise handicapped from moving freely, such as day care centers,
hospitals, and jails.

Group 1 contains all uses other than those excepted generally from the
provisions in Sec. 1.2. Those in Group I have lesser life hazard only
insofaras there is the probability of lesser numbers of occupants in
the buildings and the buildings are lower and/or smaller. The height
of four stories was used in part due to the general model code use of
this height as being the maximum allowable height for wood frame and
masonry/wood frame classes of buildings (designated Types 5 and 3, re-
spectively, in the 1976 UBC). i

In buildings with multiple uses, the building shall be assigned the
classification of the highest Seismic Hazard Exposure Group that occu-
pies 15 percent or more of the total building area. Such assignments
also should be considered when changes are made in the use of a build-
ing. For example, if a portion subject to change of use is in a building
of Seismic Hazard Exposure Group I, and the portion represents 15 percent
or more of the total building area and the use is found in Seismic Hazard
Group 11, then the entire building should be reclassified to Group 11
and the appropriate Seismic Performance Category applies based on the
appropriate Seismicity Index and the Seismic Hazard Exposure Group 11
classification.

Consideration was given to reducing the number of groupings by combining
Groups | and Il and leaving Group IIl the same as is stated above. It
was the consensus of those involved that such a merging would not be
responsive to the relative life hazard problems.
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1.4.3 Seismic Performance Categories

This section establishes the four design categories that are the keys
for establishing requirements for any building based on its Seismicity
Index and use (Seismic Hazard Exposure Group). Once the Seismic Perfor-
mance Category (A, B, C, or D) for the building is established, many
other requirements such as detailing, quality assurance, limitations,
specialized requirements, and even applicablility of the provisions to
alterations and repairs and change of use are related it. Work leading
to this edition of the Provisions has pointed to the need to review
number of Seismic Performance Categories. In the view of some, there
should be more categories.

1.4.4 Site Limitation for Seismic Design Performance Category D

Essential facilities that may be required after an earthquake and are
located in zones of higher seismicity should not be located over an
active fault. Although some structures could and may be designed to
remain intact even if a fault occurs at the base, knowingly exposing
an essential facility to such a risk is unreasonable and should be un-
necessary.

1.5 ALTERNATE MATERIALS AND METHODS OF CONSTRUCTION

It is not possible for a design standard to provide criteria for the
use of all possible materials and their combinations and methods of
construction either existing or anticipated. While not citing specific
materials or methods of construction currently available that require
approval, this section serves to emphasize the fact that the evaluation
and approval of alternate materials and methods require a recognized
and accepted approval system. The requirements for materials and methods
of construction contained within the document represent the judgment
of the best use of the materials and methods based on well-established
expertise. It is important that any replacement or substitute be evalu-
ated on a basis of an understanding of all the ramifications of perfor-
mance, strength, and durability implied by the provisions.

It also is recognized that until needed approval standards and agencies
are created, regulatory agencies will have to operate on the basis of
the best evidence avaflable to substantiate any application for alter-
nates. It is strongly recommended that where there is an absence of
accepted standards, applications be supported by extensive reliable
data obtained from tests simulating, as closely as is practically feas-
ible, the actual load and/or deformation conditions to which the material
is expected to be subjected during the service life of the building.
These conditions, where applicable, should finclude several cycles of
full reversals of loads and deformations in the inelastic range.




1.6 QUALITY ASSURANCE

Earthquake-related buflding fallures that are directly traceable to
poor quality control during construction are innumerable. The litera-
ture is replete with reports pointing out that collapse may have been
prevented had proper inspection been exercised.

The remarkable performance during earthquakes by California schools
constructed since 1933 is due in part to the rigorous supervision of
construction required by state law. Independent special inspection,
approved and supervised by the Office of the State Architect, is an
important feature of the Claifornia requirements. Such an excellent
record of performance has influenced the writing of these provisions so
as to rely heavily on the concept of special inspection to ensure good
construction.

Recognizing that there must be coordinated responsibility during con-
struction, these provisions set forth the role each party is expected
to play in construction quality control. The building designer specifies
the quality assurance requirements, the contractor exercises the control
to achieve the desfred quality, and the owner monitors the construction
process through special inspection to protect the public interest in
safety of buildings. It is essential that each party recognize its re-
sponsibilities, understand the procedures, and be capable of carrying
them out. Because the contractor and the specialty subcontractors are
doing the work and exercising control on quality, it is essential that
the special inspection be performed by someone not in their direct employ
and also be approved by the Regulatory Agency. When the owner is also
the builder, he should engage independent agencies to conduct these
inspections rather than try to qualify his own employees.

The approach used in preparing the provisions for the 1978 ATC Tentative
Provisions was to borrow liberally from the pattern already established
by the 1976 UBC, which detailed structural quality provisions in Chapter

3, Section 305, Special Inspections. These have been retained with
minimal change in Chapter 3, Section 306, Special Inspections, of the
1985 UBC.

There are two major differences, however, between these provisions and
those of the UBC. First these provisions cover only those portions and
components of the building that are directly affected by earthquake
motions and whose response could affect life safety and continued func-
tioning of the building (where designated). Second, these provisions
for the first time attempt to place minimum quality assurance require-
ments on installation of nonstructural components that are designated
as deserving specifal attentfion during construction. These are described
as" Designated Seismic Systems" throughout and are defined as being "the

Seismic Resisting Systems and those architectural, electrical, and mech-
anical systems and their components that require special performance
characteristics.” This means that the designer most familiar with the
requirements of each system must spell out in a Quality Assurance Plan
those components that will require special inspection and tests during
construction to assure their ability to perform satisfactorily during
earthquakes. »




The provisions are concerned with those components that affect the build-
ing performance during an earthquake and/or that may be adversely af-
fected by earthquake motions as specified under other sections of the
provisions. The requirements under Sec. 1.6 are minimum and it could
very well be the decision of the designers to include all phases of
construction throughout the project under a Quality Assurance Plan.
For many buildings, the additional cost to do so would be minimal. The
primary method of achieving quality assurance is through the use of
specially qualified inspectors approved by the Regulatory Agency. The
number of such inspectors actually employed will vary widely depending
on the size, complexity, and function of the building. These provisions
permit the designer or his employee to perform these inspections as
long as they are approved by the Regulatory Agency having jurisdiction
and can demonstrate reasonable competence in the particular category of
work they inspect.

1.6.1 QUALITY ASSURANCE PLAN

Introduced here is the concept that the Quality Assurance Plan must
be prepared by the person responsible for the design of each seismic
system subject to qual ity assurance whether it be architectural, electri-
cal, mechanical, or structural in nature. The plan may be a very simple
listing of those elements of each system that have been designated as
being important enough to receive special inspection and/or testing.
The extent and duration of inspection must be set forth as well as the
specific tests and the frequency of testing.

Although some design professionals have expressed reluctance to assume
this duty because of an assumed increase in potential liability, it has
been demonstrated by the performance of schools in California earthquakes
that the improved quality also acts to protect the professional. Fur-
thermore, the design professional is the most qualified person to prepare
such a plan since he is the most familiar with the design concept.

The Regulatory Agency, however, must approve the plan and must obtain
from each responsible contractor a written statement that he understands
the requirements of the plan and that he will exercise control to obtain
conformance. The exact methods of control are left up to the individual
contractor subject to approval by the Regulatory Agency. However, spe-
cial inspection of the work is required in specific situations to give
the agency reasonable assurance that the approved drawings and specifi-
cations are followed.

1.6.2 Special Inspection

The requirements listed in this section from foundations through struc-
tural wood are basically the same as those currently requiring special
inspection under the 1985 UBC and it is a premise of the provision that
there will be available_ an adequate supply of knowledgeable and experi-
enced inspectors to draw upon for the structural categories of work.
Special training programs may have to be developed and implemented for
the nonstructural categories. ’
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A Special Inspector is defined as a "specially qualified person approved
by the Regulatory Agency to perform special inspection." As a guide to
such agencies, it is contemplated that he may be one of the following:

1. A person employed and supervised by the design architect or
engineer of record who is responsible for the design of the designated
seismic system for which the Special Inspector is engaged.

2. A person employed by an approved inspection and testing agency
who is under the direct supervision of a registered engineer also em
ployed by the same agency.

3. A manufacturer or fabricator of components, equipment, or ma-
chinery who has been approved for manufacturing components meeting seis-
mic safety standards and who maintains a quality control plan approved
by the Regulatory Agency. Evidence of such approval must be clearly
marked on each designated seismic system component shipped to the job-
site.

Sec. 1.6.2.H. [t is anticipated that the minimum requirements for
architectural components wili be complied with when the Special Inspector
is satisfied that the method of anchorage or fastening and the number,
spacing, and types of fasteners actually used conform with the plans
and specifications for the component fnstalled. It is noted that such
special inspection requirements are only for those components required
to have superior (S) or good (G) performance (see Chapter 8) and then
only in areas having a Seismicity Index of 3 or 4.

Sec. 1.6.2.1. In addition to verification of the fastening and
anchorage for mechanical and electrical components, it is anticipated
that the Special Inspector will verify that the designated components are
labeled to meet S or G performance standards as required in Chapter
8 and as established by the Regulatory Agency.

Close cooperation between the designer, manufacturers, Special Inspector,
and Regulatory Agency must be exercised until all learn their respective
roles and a definite inspection routine is established.

1.6.3 Special Testing

The specified testing of the structural materials follows procedures
and tests long established by industry standards. A possible exception
is masonry where there is presently no single nationally accepted stan-
dard that encompasses all of the diversity of materials now being used
in masonry construction. The acceptance criteria should be agreed upon
prior to contract award.

1.6.4 Reporting and Compliance Procedures

The success of a quality assurance plan depends upon the intelligence
and knowledge of the inspector and the accuracy and thoroughness of his
reports. It should be emphasized that both the Special Inspector and
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the contractor are required to submit to the Regulatory Agency a final
certification as to the adequacy of the completed work. The contractor,
with his day-to-day knowledge of the installation, is in the best posi-
tion to state whether or not all the construction has been completed in
accordance with approved plans and specifications. To be fully aware,
however, the contractor must institute a system of reporting within his
own organization that enables him to effectively practice quality con-
trol. The inspector can only attest to the work he has personally in-
spected and, therefore, acts more as an auditor or monitor of the quality
control program exercised by the contractor.

1.6.5 Approved Manufacturers’ Certification

Provision is made for the special approval of manufactured designated
components. This arises because most mechanical or electrical equipment
{s manufactured off-site and is delivered to a job in its own container.
The Special Inspector, being at the jobsite, cannot judge the adequacy
of anchorage or the seismic resistance of the equipment contained therein
and, in most finstances, cannot be present during the off-site manufac-
turing. It is expected, therefore, that a system of approvals and label-
ing must be established by the Regulatory Agency in much the same way
as labeling of firedoors is presently being done.
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Chapter 3 Commentary

STRUCTURAL DESIGN REQUIREMENTS

3.1 DESIGN BASIS

In these provisions, the design of a structure (sizing of individual
members, connections, and supports) is based on the internal forces
resuiting from a linear elastic analysis using the prescribed forces
and assumes that the structure as a whole under these prescribed forces
should not deform beyond a point of significant yield. This procedure
differs from prior codes wherein the prescribed loads and sizing were
at service or working stress levels. Sec. 3.8 prescribes the story
drift limits controlling the deformation in the inelastic range when
the structure is subjected to the actual seismic forces that may be
generated by the specified ground motion.

The term "significant yield" specifically is not the point where first
yield occurs in any member but is defined as that level causing complete

plastification of at least the most critical region of the structure
(e.g., formation of the first plastic hinge in the structure). A struc-
tural steel frame of compact members is assumed to reach this point
when a plastic hinge develops in the most critical member of the struc-
ture. A concrete frame reaches this significant yield in its response
to the prescribed forces when at least one of the sections of its most
critical component reaches its ultimate strength as set forth in Chapter
11. For other structural materials that do not have their sectional
yielding capacities as easily defined, modifiers to working stress values
are provided in the respective material sections (Chapters 9 and 12).

These provisions contemplate a seismic resisting system with redundant
characteristics wherein overstrength above the level of significant
yield is obtained by plastification at other points in the structure
prior to the formation of a complete mechanism.

For example, in the two-story bent (Figure C3-1), significant yield is
the level where plastification occurs at the most critical joint shown
as Joint 1 and as Point | on the load-deflection diagram. With increased
loading, causing the formation of additional plastic hinges, the capacity
increases (following the solid line) until a maximum is reached.

The overstrength capacity obtained by this continued inelastic action
provides the reserve strength necessary for the structure to resist the
extreme motions of the actual seismic forces that may be generated by
the specified ground motion. The dotted line in Figure C3-1 is the
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load-deflection curve including the P-delta effects. The dash-dot line
is the elasto-plastic curve which results with certain systems and mater-
ials.

The response modification factor, R, and the Cd value for deflection
amplification (Table 3-B), as well as the criteria for story drift inclu-
ding the P-delta effects, have been established considering that struc-
tures generally have additional overstrength capacity above that whereby
the design loads cause significant yield. The R factor essentially
represents the ratio of the forces that would develop under the speci-
fied ground motion if the structure behaved entirely linearty elastic
to the prescribed design forces at significant yield level. This reduc-
tion is possible because of the actual energy absorption and energy
dissipation capacity (toughness) that the whole structure possesses
due to its capability to deform inelastically (the area under the actual
load deformation curve). In establishing the R value, consideration
has also been given to the performance of the different materials and
systems in past earthquakes.

The values of R must be chosen and used with judgment. For example,
lower values must be used for structures possessing a low degree of
redundancy wherein all the plastic hinges required for the formation of
a mechanism may be formed essentially simultaneously and at a force
level close to the specified design strength. This situation can result
in considerably more detrimental P-delta effects.

[t should be noted that the design seismic coefficient (Eq. 4-2) does
not include a factor that varies for different types of occupancies.
This point reflects the belief that increasing the forcing function
alone does not necessarily increase the performance and is discussed
more fully later in this commentary. The improved performance character-
istics desired for more critical occupancies are provided by the design
and detailing requirements set forth in Sec. 3.6 for each Seismic Perfor-
mance Category and the more stringent drift limits in Table 3-C.

Sec. 3.1 in effect calls for the seismic design to be complete and in
accordance with the principles of structural mechanics. The loads must
be transferred rationally from their point of origin to the final points
of resistance. This should be obvious but is often overlooked by those
inexperienced in earthquake engineering.

3.2 SITE EFFECTS

The Chapter | Commentary for Sec. 1.4.]1 presents the discussion applic-
able to Sec. 3.2.1 and 3.2.2. Chapter 6 and its commentary provide back-
ground for Sec. 3.2.3, Soil-Structure Interaction.

Sec. 1.4.4 presents site limitations for buildings assigned to Category
D. Critical structures needed after a disaster and located in zones of
higher seismicity should not be located over an active fault. Although
it is known that some structures could and must be designed to remain
intact even if a fault surface rupture goes through their bases, it is
inappropriate for critical facilities to be so located. .
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3.3 FRAMING SYSTEMS

For purposes of these seismic analyses and design provisions, framing
systems for buildings are grouped into four general categories of struc-
tural systems as shown in Table 3-B. These categories are similar to
those contained in the 1974 UBC; however, a further breakdown is included
for various types of vertical components of the seismic resisting system.

In selecting the structural system, the designer is cautioned to consider
carefully the interrelationship between continuity, toughness (including
minimizing brittle behavior), and redundancy in the structural framing
system as is subsequently discussed in this commentary.

Selection of R factors requires considerable judgment based on knowledge
of actual earthquake performance as well as research studies; yet, they
have a major effect on building costs. Factors in Table 3-B should be
reviewed in light of recent research results in order to ensure the
most appropriate values are used.

3.3.1 Classification of Framing Systems

In the selection of the R values for the various systems, consideration
was given to the general observed performance of each of the system
types during past earthquakes, the general toughness (ability to absorb
energy without serious degradation) of the system, and the general amount
of damping present in the system when undergoing inelastic response.
The designer is cautioned to be especially careful in detailing the
more brittie types of systems (low Cq values).

A Bearing Wall System refers to that structural support system wherein
major load-carrying columns are omitted and the wall and/or partitions
are of such strength as to carry the gravity loads (including live loads,
floors, roofs, and the weight of the walls themselves). The walls and
partitions supply, in plane, lateral stiffness and stability to resist
wind and earthquake loadings as well as any other lateral loadings. In
some cases, vertical trusses are employed to augment lateral stiffness.

In general, this system has comparably lower values of R than the other
systems due to a frequent lack of providing redundancy for the vertical
and horizontal Iload support. The category designated "light framed
walls with shear panels" was intended to cover wood or steel stud wall
systems with finishes other than masonry veneers.

A Building Frame System is similar to the "vertical load-carrying frame"
system described in the 1976 Structural Engineers Association of Cal-
ifornia (SEAOC) recommendations. In order to qualify for this system,
the gravity loads should be carried primarily by a frame supported on
columns rather than bearing walls. Some minor portions of the gravity
load can be carried on bearing walls but the amount so carried should
not represent more than a few percent of the building area. Lateral
resistance is provided by nonbearing structural walls or braced frames.
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Although there is no requirement in this category to provide lateral
resistance in the framing system, it is strongly recommended that some
moment resistance be incorporated. In a structural steel frame, this
could be in the form of top and bottom clip angles or tees at the beam-
or girder-to-column connections. In reinforced concrete, continuity
and full anchorage of longitudinal steel and stirrups over the length
of beams and girders framing into columns would be a good design prac-
tice. With this type of interconnection, the frame provides a nominal
secondary line of resistance even though the components of the seismic
resisting system are designed to carry all the seismic force.

A Moment Resisting Space frame System is a system having an essentially
complete space frame as in the building frame system. However, in this

system, the lateral resistance is provided by moment resisting frames
composed of columns with interacting beams or girders. The moment resis-

ting frames may be either Ordinary or Special Moment Frames.

Special Moment Frames shall meet all of the design and detail require-
ments of Sec. 10.6 or Sec. !1.7 and sections referred to therein. The
ductility requirements for these frame systems are required in areas
where high seismic hazards are anticipated; see Table 1-A. Where these
special design and detailing requirements are not used (in Buflding
Categories A and B), lower R values are specified, indicating that essen-
tially elastic response to earthquake motions is anticipated.

The intermediate ductility moment frame of reinforced concrete identifies
a specific difference in R values between concrete frames designed with
no special provisions for ductility, for which R = 2 (comparable to K =
2.5) is appropriate, and the type of frame specified as the Category B
frame by the ATC provisions of the "Moderate Hazard Zone" frame specified
in section A.9 of ACI 318-83 and described in section 11.6 Reinforced
Concrete Moment Frames of Intermediate Ductility. Note that this type
of frame is only permitted in Seismic Performance Cagegories A and B,
since section 3.3.4 requires that any moment frames in Categories C or
D be "Special Moment Frames."

A Dual System consists of a three-dimensional space frame made up of
columns and beams which provides primary support for the gravity loads.
Lateral resistance is supplied by structural nonbearing walls or bracing;
the frame is provided with a redundant lateral force system which is a
Special Moment Frame complying with the requirements of Sec. 10.6 and
11.7. The Special Moment Frame is required to be capable of resisting
at least 25 percent (judomentally selected) of the specified seismic
force. Normally the Special Moment Frame would be a part of the basic
space frame.

The following analyses are required for this category:

1. The frame and shear walls or braced frames shall resist the pre-
scribed lateral seismic force in accordance with the relative rigidities
considering fully the interaction of the walls and frames as a single
system. This analysis shall be made in accordance with the principles
of structural mechanics consdering the relative rigidities of the ele-
ments and torsion in the system. Deformations imposed upon members
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of the frame by the interaction with the shear walls or braced frames
shall be considered in this analysis.

2. The Special Moment Frame shall be designed to have a capacity
to resist at least 25 percent of the total required lateral seismic force

including torsional effects.

Inverted Pendulum Structures were singled out for special considerationn
because of their unique characteristics and because they are often asso-
ciated with buildings. Frequentiy overlooked design aspects and field
experience make it desirable to give these structures special attention.

3.3.2 Combinations of Framing Systems

For those cases where combinations of structural systems are employed,
the designer must use judgment in selecting the appropriate R and Cd
values. The intent of Sec. 3.3.2.A is to prohibit support of one system
by another possessing characteristics which result in a lower base shear
factor. The entire system should be designed for the higher seismic
shear, as the provision stiputates. The exception is included to permit
the use of such systems as a braced frame penthouse on a moment frame
building in which the mass of the penthouse does not represent a signifi-
cant portion of the total building and thus would not materially affect
the overall response to earthgquake motions.

Sec. 3.3.2.B pertains to details and is included to help ensure that the
more ductile details inherent with the design for the higher R value
system will be employed throughout. The intent is that details common
to both systems be designed to remain functional throughout the response
in order to preserve the integrity of the seismic resisting system.

3.3.3 through 3.3.5 SEISMIC PERFORMANCE CATEGORIES A, B, C, AND D

General framing system requirements for the four building Seismic Perfor-
mance Categories A, B, C, and D are given in these sections. The corres-
ponding design and detailing requirements are given in Sec. 3.6 and
Chapters 9 through 12. Any type of building framing system permitted
by the provisions may be used for Category A and B except frames limited
to Category A only by the requirement of Chapters 11 and 12. Limita-
tions regarding the use of different structural systems are given for
Categories C and D.

Sec. 3.3.4 covers Category C, which compares roughly to the present
California design practice for normal buildings other than hospitals.
According to the requirements of Chapters 10 and 11, all moment-resisting
frames of steel or concrete shall be Special Moment Frames. Note that
present SEAOC and UBC recommendations have similar requirements for
concrete frames; however, Ordinary Moment Frames of structural steel
may be used for heights up to 160 ft (48.6 m). In keeping with the phil-
osophy of present codes for zones of high seismic risk, these provi-
sions continue limitations on the use of certain types of structures

over 160 ft (48.6 m) in height, but with some changes. Although it is"

68

d . =




- 4

agreed that the lack of relaible data on the behavior of high-rise build-
ings whose structural systems involve shear walls and/or braced frames
makes it convenient at present to establish some limits, the value of
160 ft (48.6 m) as well as that of 240 ft (73.! m) introduced in these
provisions is arbitrary. Considerable disagreement exists regarding
the adequacy of these values. and it is intended that these limitations
be the subject of further studies.

These provisions require that buildings over 160 ft (48.6 m) in height
shall have one of the following seismic resisting systems:

1. A moment resisting frame system with Special Moment Frames
capable of resisting the total prescribed seismic force. This require-
ment is the same as those of present SEAOC and UBC recommendations.

2. A Dual System as defined in Sec. 2.1, wherein the prescribed

forces are resisted by the entire system and the Special Moment Frame is

designed to resist at least 25 percent of the prescribed seismic force.

This requirement is also similar to the present SEACC and UBC recommenda-

tions. The purpose of the 25 percent frame is to provide a secondary |

defense system with higher degrees of redundancy and ductility in order

to improve the ability of the buiding to support the service loads (or

at least the effect of gravity loads) after strong earthquake shaking. ‘

It should be noted that present SEAOC and UBC recommendations require

that shear walls or braced frames be able to resist the total required '

seismic lateral forces independently of the Special Moment Frame. The

new provisions require only that the true interaction behavior of the

frame-shear wall (or braced frame) system be considered (see Table 3-B).

If the analysis of the interacting behavior is based only on the seismic

lateral force vertical distribution recommended in the equivalent l1ateral

force procedure of Chapter 4, the interpretation of the results of this

analysis for designing the shear walls or braced frame should recognize

the effects of higher modes of vibration. The internal forces that can

be developed in the shear walls in the upper stories can be more severe

than those obtained from such analysis.
|
|
|

3. The use of a shear wall (or braced frame) system of cast-

in-place concrete or structural steel up to a height of 240 ft (73.1 m)

is permitted if, and only if, braced frames or shear walls in any plane

do not reist more than 33 percent of the seismic design force including

torsional effects. The intent of the committee was that each of these

shear walls or braced frames be in a different plane and the four or more

planes required be spaced adequately throughout the plan or on the peri-

meter of the building in such a way that the premature failure qf*one

of the single walls or frames would not lead to excessive inelaétlp ‘
torsion.

Although the structural system indicated in Figure C3-2 is acceptable
according to the provisions, it is highly recommended that use of such
a system be avoided. The intent of the committee is to replace it by
the system shown in Figure C3-3. The latter system is believed to be
more suitable in view of the lack of reliabie data regarding the behavior
of tall buildings having structural systems based on central cores formed
by coupling shear walls or slender braced frames. .

69




[ {i— B0 F =3 f—’

I F- 1 S
—

T L. | . L |

o & a—a | W— -— &

(a) ()

Note: Heavy lines indicate shear walls and/or braced frames

FIGURE C3-2 Arrangement of shear walls and braced frames - not recommended.

4'l"—l ! t
IO I I \ I

——— L -]

(a)

(b)
Note: Heavy lines indicate shear walls and/or braced frames

FIGURE C3-3 Arrangement of shear walls and braced frames - recommended.

70

: B

. I




F

Sec. 3.3.5 covers Category D which is restricted to essential facilities
in zones of relatively high seismicity. Because of the necessity for
reducing risk (particularly in terms of protecting the life safety or
maintaining function by minimizing damage to nonstructurail building
elements, contents, equipment, and utilities) the height Iimitations
for Category C are reduced. Again, the new limits--100 ft (30.5 m) and
160 ft (48.6 m)--are arbitrary and require further study. The developers
of these provisions believe that, at present, it is advisable to estab-
lish these 1imits, but the importance of having more stringent require-
ments for detailing the seismic resisting system as well as the non-
structural components of the building must be stressed. Such require-
ments are specified in Sec. 3.6 and 3.7 and Chapters 9 through 12.

3.4 BUILDING CONF IGURATION

The configuration of a building can significantly affects its performance
during a strong earthquake which produces the ground motion contempiated
in these provisions. Configuration can be divided into two apsects,
plan configuration and vertical configuration. The provisions were
basically derived for buildings having regular configurations. Past
earthquakes have repeatedly shown that buildings having irregular config-
urations suffer greater damage than buildings having regular configura-
tions. This situation prevails even with good design and construction.
These provisions are designed to encourage that buildings be designed
to have reguiar configurations.

Sec. 3.4.1 specifies plan configuration requirements. A building having
a regular configuration could be square or rectangular or circular. A
square or rectanguiar building with minor re-entrant corners would still
be considered regular but large re-entrant corners creating a crucifix
form would be classified as an irregular configuration. The response
of the wings of this type of building is generally different than the
response of the building as a whole, and this produces higher local
forces than would be determined by application of these provisions with-
out modification. Other plan configurations such as H-shapes that have
a geometrical symmetry would also be classified as irregular because
of the response of the wings.

A building may have a symmetrical geometric shape without re-entrant
corners or wings but still be classified as irregular in plan because
of distribution of mass or vertical seismic resisting elements. Tor-
.sional effects in earthguakes can occur even when the static centers
of mass and resistance coincide, and these effects can magnify the tor-
sion due to eccentricity between the static centers. For this reason,
buildings having an eccentricity between the static center of mass and
the static center of resistance in excess of 10 percent of the building
dimension perpendicular to the direction of the seismic force should be
classified as irregular. The vertical resisting components may be arran-
ged so the static centers of mass and resistance are within the limita-
tions given above and still be unsymmetrically arranged so that the
prescribed torsional forces would be unequally distributed to the various
components.




There is a second type of distribution of vertical resisting components
which, while not being classified as irregular, does not perform well
in strong earthquakes. This arrangement is termed a core-type building
with the vertical components of the seismic resisting system concentrated
near the center of the building. Better performance has been observed
when the vertical components are distributed near the perimeter of the
building.

Significant differences in stiffness between portions of a diaphragm at
a level are classified as irregularities since these may cause a change
in the distribution of seismic forces to the vertical components and
create torsional forces not accounted for in the normal distribution
considered for a regular building. Examples of plan irregularities are
illustrated in Figure C3-4.

Sec. 3.4.2 covers vertical configuration. Vertical configuration irreg-
ularities affect the responses at the various levels and induce loads
at these levels which are significantly different from the distribution
assumed in the equivalent lateral force procedure given in Chapter 4.
One type of vertical irregularity is created by unsymmetrical geometry
with respect to the vertical axis of the building. The building may
have a geometry which is symmetrical about the vertical axis and still
be classified as irregular because of significant horizontal offsets at
one or more levels. An offset would be considered significant when the
ratio of the smaller dimension to the larger dimension is less than 75
percent. The building would also be considered irregular if the smaller
dimension were below the larger dimension, creating an inverted pyramid
effect.

A building would be classified where the ratio of mass to stiffness in
adjoining stories differs significantly. This might occur when a heavy
mass, such as a8 swimming pool, was placed at one level. A moment resist-
ing frame building might be classified as having a vertical irregularity
if one story were much taller than the adjoining stories and the result-
ing decrease in stiffness which would normally occur was not, or could
not be, compensated for. Examples of vertical irregularities are illu-
strated in Figure C3-5.

3.5 ANALYSIS PROCEDURES

Many of the standard procedures for the analysis of forces and deforma-
tions in buildings subjected to earthquake ground motion, including the
two procedures speciFieq in these design provisions, are listed below
in order of increasing rigor and expected accuracy.

l. Equivalent Laterial Force Procedure (Chapter 4).

2. Modal Analysis Procedure with one degree of freedom per floor
in the direction being considered (Chapter 5).

3. Modal Analysis Procedure with several degrees of freedom per
floor.
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Figure C3-5 Building elevation irregularities.
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4, Inelastic Response History Analysis: step-by-step integra-
tion of the coupled equations of motion with one degree of freedom per
floor in the direction being considered.

5. Inelastic Response History Analysis: step-by-step integra-
tion of the coupled equations of motion with several degrees of freedom
per floor.

Each procedure becomes more rigorous if effects of soil-structure inter-
action are considered, either as specified in Chapter 6 or through a
more complete analysis of this interaction as appropriate. Every proce-
dure improves in rigor if combined with use of results from experimental
research (not described in these design provisions).

The Equivalent Lateral Force (ELF) procedure specified in Chapter 4 is
similar in its basic concept to the past SEAOC recommendations (1968,
1973, and 1974), but several improved features have been incorporated.

The modal superposition methods (Newmark and Rosenblueth, 1971; Clough
and Pensien, 1975; Thomson, 1965; Wiegel, 1970) is a general procedure
for linear analysis of the dynamic response of structures. In various
forms, modal analyis has been widely used in the earthquake-resistant
design of special structures such as very tall buildings, offshore dril-
ling platforms, dams, and nuclear power plants, but this is the first
time that modal analysis has been included in design provisions for
buildings. The Modal Analysis Procedure specified in Chapter 5 is sim-
plified from the general case by restricting consideration to lateral
motion in a plane. Only one degree of freedom is required per filoor
for this type of motion.

The ELF procedure of Chapter 4 and the Modal Analysis procedure specified
in Chapter 5 are both based on the approximation that the effects of
yielding can be adequately accounted for by linear analysis of the seis-
mic resisting system for the design spectrum, which is the elastic accel-
eration response spectrum reduced by the response modification factor,
R. The effects of (1) the horizontal component of ground motion perpen-
dicular to the direction under consideration in the analysis, (2) the
vertical component of ground motion, and (3) torsional motions of the
structure are all considered in the same simplified approachesin two
procedures. The main difference between the two procedures lies in the
distribution of the seismic lateral forces over the height of the build-
ing. In the Modal Analysis Procedure, the distribution is based on
properties of the natural vibration modes, which are determined from
the actual mass and stiffness distribution.-over the height. In the ELF
procedure, the distribution is based on simplified formulas that are
appropriate for regular buildings as specified in Sec. 3.4 and 3.5.
Otherwise the two procedures are subject to the same limitations.

The two analytical procedures are likely to be inadequate if the lateral
motions in two orthogonal directions and the torsional motion are strong-
ly coupled. Such would be the case if the building were irregular in
its plan configuration (see Sec. 3.4), or if it had a regular plan but

its lower natural frequencies were nearly equal and the centers of mass
and resistance were nearly coincident. A general model for the analysis
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of such buildings would include at least three degrees of freedom per
floor, two translational motions, and one torsional. Such a structure
would usually have many modes which show a combination of translational
and torsional motion. Analysis procedures similar to those specified in
Chapter 5 can be applied to buildings of this type, with suitable gener-
alization of the concepts involved. It is necessary, for example, to

account for the facts that a given mode might be excited by both horizon-
tal components of ground motion, and modes which are primairly torsional
can be excited by the translational components of the ground-shaking.

The methods of modal analysis can be generalized further to model the
effect of diaphragm filexibility, soil-structure interaction, etc. In
the most general form, the idealization would take the form of a large
number of mass points, each with six degrees of freedom (three transla-
tion and three rotational) connected by generalized stiffness elements.

The ELF procedure (Chapter 4) and both versions of the Modal Analysis
Procedure, (the simple version given in Chapter 5 and the general version
with several degrees of freedom per floor mentioned in the foregoing
paragraphs) are all likely to err systematically on the unsafe side if
story strengths are distributed irregulariy over height. This feature
is likely to lead to a concentration of ductility demand in a few stories
of the building. A simple procedure to account for irregular strength
distribution is discussed in this Chapter 3 commentary (Sec. 3.7.3).

The actual strength properties of the various components of a building
can be explicitly considered only by a nonltinear analysis of dynamic
response by direct integration of the coupled equations of motion.
This method has been used extensively in research studies of earthquake
response of yielding structures. If the two lateral motions and the
torsional motion are expected to be essentially uncoupled, it would be
sufficient to include only one degree of freedom per floor, the motion
in the direction along which the building is being analyzed; otherwise
at least three degrees of freedom per floor, two translational motions
and one torsional, should be included. It should be recognized that
results of nonlinear response hisotry analysis of such mathematical
building modelis are only as good as are the models chosen to represent
the building vibrating at large amplitudes of motion, large enough to
cause significant yielding during strong ground motions. Furthermore,
reliable results can be achieved only by calculating the response to
several ground motions--recorded accelerograms and/or simulated
motions--and examining the statistics of response.

[t is possible with presently available computer programs to perform
two-dimensional inelastic analyses of reasonably symmetric structures.
The intent of such analyses could be to estimate the sequence in which
components become inelastic and to indicate those components requiring
strength adjustments so as to remain within the required ductitity lim-
its. It should be emphasized that with the present state of the art in
elastic analysis, there is no one method that can be applied to all
types of buildings and, further, the reliability of the analytical re-
sults are sensitive to:
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1. The number and appropriateness of the time-histories of input
motion;

2. The practical limitations of mathematical modeling including
interacting effects of nonelastic elements;

3. The nonlinear algorithms; and
4. The assumed hysteretec behavior.

Because of these sensitivities and limitations, the maximum base shear
produced in the inelastic analysis should not be less than that required
by Chapter 5.

The least rigorous analytical procedure which may be used in determining
the design earthquake forces and deformations in buildings depends on
three factors: Seismicity Index; Seismic Performance Category; and
structural characteristics (in particular, regularity). Regularity is
defined in Sec. 3.4.

If a building is classified as Seismic Hazard Exposure Group IIl in
Seismicity Index 1, its failure could be significant to the public safe-
ty. For all other regular buildings in higher index areas, it is re-
quired that the ELF procedure in Chapter 4 be used, except that a more
rigorous procedure may be required for some buildings in areas having
Seismicity Indices 3 and 4.

The basis for the ELF procedure and its limitations were discussed in
prior paragraphs of this commentary. The ELF procedure is adequate for
most regular buildings. The designer may wish to employ a more rigorous
procedure (see list of procedures at beginning of Sec. 3.5 of this com-
mentary) for those regular buildings where it may be inadequate; some
of these situations have been mentioned earltier.

The ELF procedure is likely to be inadequate in the following cases:
buildings with irregular mass and stiffness properties in which case
the simple equations for vertical distribution of lateral forces (Eq. 4-6
and 4-6a) may lead to erroneous results; buildings (regular or irreg-
ular) in which the lateral motions in two orthogonal directions and the
torsional motion are strongly coupled; and buildings with irreguiar
distribution of story strengths leading to possible concentration of
ductility demand in a few stories of the building. In such cases, a
more rigorous procedure which considers the dynamic behavior of the
structure should be employed. Such special consideration is necessary
only for irregular buildings (see Sec. 3.4) which are located in areas
with high seismicity (those associated with Seismicity Indices 3 and 4)
and whose failure would pose significant hazard to the public, those
housing Seismic Hazard Exposure Groups Il and II1. The preceding dis-
cussion of the capabilities and iimitations of the various analytical
procedures should be helpful to the designer in selecting a suitable
analytical procedure.

Buildings in Categories B, C, and D with certain types of vertical irreg-
ularities may be analyzed as regular buildings in accordance with the
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provisions of Chapter 4. These buildings are generally referred to as
setback buildings. The procedure delineated below may be used.

1. The base and tower portions of a building having a setback
vertical configuration may be analyzed as indicated in (2) below if atl
of the following conditions are met:

a. The base portion and the tower portion, considered as sepa-
rate buildings, can be classified as regular.

b. The stiffness of the top story of the base is at least
five times that of the first story of the tower.
Where these conditions are not met, the building shall be analyzed in
accordance with Chapter 5.

2. The base and tower portions may be analyzed as separate build-
ings in accordance with the following: {

a. The tower may be analyzed in accordance with the proced- }
ures in Chapter 4 with the base taken at the top of the base portion.

b. The base portion shall then be analyzed in accordance with
the procedures in Chapter 4 using the height of the base portion of hp
and with the gravity load and base shear of the tower portion acting at
the top level of the base portion.

The design provisions in Chapter 5 include a simplified version of modal
analysis which accounts for irregularity in mass and stiffness distribu-
tion over the height of the building. It would be adequate, in general,
to use the ELF procedure for builldings whose floor masses and cross-

sectional areas and moments of inertia of structural members do not
differ by more than 30 percent in adjacent floors and in adjacent stor-
ies. For other buildings, the following criteria should be applied to
decide whether the modal analysis procedures of Chapter 5 should be
used. The story shears should be computed using the ELF procedure speci-
fied in Chapter 4. On this basis, structural members should be approxi-
mately dimensioned. The lateral displacements of the floor can then be
computed. Replacing hK in Eq. 4-6a with these displacements, one re-
computes lateral forces, and from these new story shears are obtained.
If at any story the recomputed story shear differs from the corresponding
value as obtained from the procedures of Chapter 4 by more than 30 per-
cent, the building should be analyzed using the procedure of Chapter
5. If the difference is less than this value, the building may be de-
signed using the story shear obtained in the application of the present
criterion and the procedures of Chapter 5 are not required.

Application of the present criterion to these buildings requires far
less computational effort than the use of the Modal Analysis Procedure
of Chapter 5, and in the majority of the builings, use of the criterion
will determine that the latter need not be used; at the same time, the
present criterion furnishes a set of story shear which practically always
lie much closer to the results of modal analysis than the results of
the ELF procedure.

.
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This criterion is equivalent to a single cycle of Newmark’s method for
calculation of the fundamental mode of vibration. The criterion is
such that it will detect both unusual shapes of the fundamental mode
and excessively high influence or higher modes. Numerical studies have
demonstrated that this criterion for determining whether modal analysis

must be used will, in general, detect cases which truly should be ana-
lyzed dynamically; it will not, in general, indicate the need for dynamic
analysis when its application would not greatly improve accuracy.

3.6 DESIGN AND DETAILING REQUIREMENTS

The design and detailing requirements for components of the seismic
resisting system are stated in this section. General detailing require-
ments are specified in Sec. 3.7. Some of the requirements introduced
by these provisions are not found in present code provisions; all of the
requirements cited are spelled out in considerably more detail, and in
most cases are more stringent than existing provisions. The main reasons
for this follow.

The provision of detailed design ground motions and requirements for
analysis of the structure do not by themselves make a building earthquake
resistant. Additional design requirements are necessary to provide a
consistent degree of earthguake resistance in buildings. The more severe
the expected seismic ground motions, the more stringent these additional
design requirements should be. Not all of the necessary design require-
ments are expressed in codes, and while experienced seismic design engi-
neers account for them, they are often overlooked by engineers lacking
experience in design and construction of earthquake-resistant structures.

Considerable uncertainties exist regarding:

1. The actual dynamic characteristics of future earthquake motions
expected at a building site;

2. The soil structure foundation interaction;

3. The actual response of buildings when subjected to seismic
motions at their foundations; and

4, The mechanical characteristics of the different structural
materials, particularly when they undergo significant cyclic straining
in the inelastic range which can lead to severe reversals of strains.

It should be noted that the overall inelastic response of a structure
is very sensitive to the inelastic behavior of its critical regions,
and this behavior is influenced, in turn, by the detailing of these
regions.

Although it is possible to counteract the consequences of these uncer-
tainties by increasing the level of design forces, it was considered
more feasible to provide a building system with the largest energy dissi-
pation consistent with the maximum tolerablie deformations of nonstruc-
tural components and equipment. This energy dissipation capacity, which
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is usually denoted simplistically as "ductility," is extremely sensitive
to the detailing. Therefore, in order to achieve such a large energy
dissipation capacity, it is essential that stringent design code require-
ments be used for detailing the structural as well as nonstructural
components and their connections or separations. Furthermore, it is
necessary to have good quality control of materials and competent in-
spection. The importance of these factors has been clearly demonstrated
by the building damage observed after moderate and severe earthquakes.

It should be kept in mind that a building’s response to seismic ground
motion most often does not reflect the designer’s or analyst’s original
conception or modeling of the structure on paper. What is reflected is
the manner in which the building was constructed in the field. These
provisions emphasize the importance of detailing and recognize that the
detailing requirements should be related to the expected earthquake
intensities and the importance of the building’s function and/or the
density and type of occupancy. The greater the expected intensity of
earthquake ground shaking (Seismicity Index) and the more important the
function of or number of occupants in the building, the more stringent
the design and detailing reguirements should be. In defining these
requirements, the provisions have introduced the concept of Seismic
Performance Categories (Table 1-A). These relate to the Seismicity
Index (Sec. 1.4.1) and the Seismic Hazard Exposure Group (Sec. 1.4.2).

3.6.1 Seismic Performance Category A

Because of the very low seismicity associated with Seismicity Index 1,
it is considered appropriate for Category A buildings to only require
good quality of construction materials and adequate ties and anchorage,
as specified in Sec. 3.7.5, 3.7.6, 3.7.7, and 7.3. Category A buildings
would be constructed in the major portions of the United States which
are low earthquake risk areas, but most of which is subject to strong
winds. Those promulgating construction regulations for these areas
might give consideration to many of the low-level seismic provisions as
being suitable to reduce windstorm hazard. The provisions consider
only earthguakes and therefore no other requirements are prescribed for
Category A buildings. Only wind design in accordance with the local
code is required, with the added requirements of ties and wall anchorage
added by these provisions.

In low earthquake risk areas, it is unrealistic to believe that construc-
tion practices will change overnight. However, if existing requirements
can be improved gradually, a major reduction in potential hazard can be
achieved at low cost and with little inconvenience.

3.6.2 Seismic Performance Category B

Areas where Category B buildings would be constructed comprise the next
largest portion of the US. Appreciable increases in earthquake-resistant
requirements are specified as compared to Category A, but are quite
simplified as compared to present requirements in areas of high seismic-
ity.
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The material requirements in Chapter 9 through 12 for Category B are
somewhat more restrictive than those for Category A. Unreinforced mason-
ry can be used nonstructurally; but if masonry is used as part of the
lateral force resisting system, it must be partially reinforced for
buildings up to 35 ft in height and fully reinforced in buildings over
35 ft in height.

Concrete frames must be semiductile with some transverse reinforcement
in the joint. Steel frames must be elastic, i.e., similar to ductile
or plastic design requirements with compact section requirements somewhat
relaxed. Wood framing has certain minimal restrictions on diaphragms,
lag screws, etc. These are discussed in the commentary for Chapters 9
through 12.

The general Category B requirements specifically recognize the need to
design diaphragms, provide collector bars, and provide reinforcing around
openings. These requirements may seem elementary and obvious, but be-
cause these requirements are not specifically required in current codes,
many engineers totally neglect them. A nominal interconnection between
pile caps and caissons is also required.

3.6.3 Seismic Performance Category C

Category C requirements compare roughly to present design practice in
California seismic areas for buildings other than schools and hospitals.
All masonry must be reinforced. All moment resisting frames of concrete
or steel must meet ductility requirements. Building separations to
prevent pounding, interaction effects between structural and nonstruc-
tural elements, and effects of lateral force deformations on vertical
load capacity (P-deita) must be investigated. Foundation interaction
requirements are increased.

Experience in past earthquakes has demonstrated that unreinforced masonry
or unreinforced concrete platforms performs poorly and is hazardous
even when used in nonstructural elements. Consequently, all concrete
and masonry construction must be reinforced for Category C construction.

Moment resisting space frames can be classified into two levels of duc-
titlity: Ordinary and Special Moment Frames. Each type has its own R
and Cq coeffiicent. Above 160 ft (48.6 m) in height, only Special Moment
Frames can be used either with or without shear walls or braced frames
with appropriate R values. For a redundant system when the bracing is
provided with shear walls or braced frames, the height limit is extended
to 240 ft (73.1 m).

In frame buildings under 160 feet (48.6 m) in height, a more rigid system
with a lower R value may be used as a support. The extra elastic stren-

gth of the more rigid system should reduce the possibility of yield
in the critical lower stories.

The response of a building will depend not only on the structural ele-
ments which the designer has calculated, but on all elements, structural
and nonstructural, calculated or not. In the initial stages of a rarge
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earthquake, the base shear and the distribution of shear throughout the
height of a building, for example, will be distributed to both structural
and nonstructural elements strictly in accordance with their effective
rigidities. In essence, rigid elements which are physically divorced

from the structure by flexible connections will not be reliably effective
for resisting shears. However, some stiffness due to friction or the
force necessary to cause the connections to bend will contribute to the

shortening of the building period.

The enclosing of the space frame by rigid nonstructural components mater-
ially changes the distribution of the internal forces of the structure.
For example, if a nonstructural, fairly strong partition is rigidly

attached to a moment resisting frame, that frame bent will act as a
shear wall until failure of the partition occurs. As a shear wall, it
will resist more load than the designer assumed, with higher overturning

stresses, different diaphragm shears, etc. In some earthquakes, this
uncalculated redistribution of forces has caused structural components
to fail before the nonstructural partitions failed.

Equation 4-3 (for period) in Sec. 4.2 partially accounts for this stif-
fening effect, since it is based on observations of actual buildings
before, during, and after earthquakes. Any stiffening effect in the
building due to nonstructural components must be accounted for in the
period determination of the structure and consequentiy in the design.

In many buildings, the seismic resisting system does not include all of
the components that support the gravity toads. A common example would
be a flat slab concrete warehouse of several stories in height, where
the lateral seismic loads are resisted by exterior shear walls or exter-
ior ductile moment resisting frames. Ordinarily the internal slabs and
columns which resist gravity loads but not lateral seismic loads are
not designed to resist seismic loads since their resistance is small in
comparison with the resistance of the exterior walls or frames. However,
although they are not needed for lateral resistance, they do deform
with the rest of the structure as it deforms under lateral loads.

Sec. 3.6.3.C requires that the vertical load carrying capacity be re-
viewed at the actual deformations resulting from the earthquake. In
the example of the flat siab warehouse noted above, there will be bending
moments in the columns and siabs and an uneven shear distribution at
the column capitals. At the calculated deflections (using Cq as noted
elsewhere) and the resulting imposed moments and shears, it must be
demonstrated that the members and connections will not fail under the
design gravity loadings. The loading is cyclical so static ultimate
load capacities may not be reached. If the combination of these loads
and deformations results in stresses below yield, it can be assumed
that the system is capable of supporting the gravity loads. I[f the
stresses are above yield, then sufficient ductility under cyclic loading
must be provided. If the gravity load bearing system is to provide any
caulculated resistance to the seismic resisting system (no matter how
small), then the detailing for ductility must be consistent with the
values given in Table 3-B. In the example of the flat plate warehouse,
the connections can still carry the design gravity loadings if they
satisfy the requirements of Sec. 11.7. ‘ )
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3.6.4 Seismic Performance Category D

Category D construction is required for critical structures in relatively
high seismic zones. It is deemed prudent that these strucutres not be
located over the trace of an active fault which could cause ground rup-
ture (see Sec. 1.4.4). Because of the necessity for reduced risk, the
height limitations are reduced (see Sec. 3.3.5). The specific material
provisions include additional requirements and limitations for the design
of this building category.

3.7 STRUCTURAL COMPONENT LOAD EFFECTS

This section specifies that the direction of the applied seismic force
shall be that which produces the most critical load effect on the build-
ing. In past codes, it was only necessary to independently consider
loads on the main axes of the building. For beams and girders, this
gives maximum design stresses. However if the earthquake forces affect
the building in a direction other than the main axes, it can be shown
that the corner columns are subjected to higher stresses. This may be
a partial explanation of the vulnerability of such columns in past earth-
quakes. Sec. 3.7.2 requires that the effects from seismic loads applied
in one direction be combined with those from the other direction. Due
to possible out-of-phase effects, 30 percent of the minor load, not 41
percent, must be added to the major axis. In some cases where there
are major torsional effects or various types and directions of framing,
this may affect more than just the columns. Attention is also called
in this paragraph to the necessity for considering possible detrimental
P-delita effects.

3.7.1 Combination of Load Effects

The BSSC Technical Overview Committee reviewed various combination-of
load-effects formulas and other data before arriving at Eq. 3-1, 3-2,
and 3-2a. For example, since 1956 the American Concrete Institute has
based design on the cross-sectional strength of component members.
They have included load combinations which are believed to be consistent
with the strength reduction factors (based in part/on considerationss
of statistical variability of properties) to produce a margin of safety
for most design loading which is generally acceptable to the design
professions. No specific study was made for earthquake loading, and
the load combinations were set to be compatible with previous working
stress load combinations.

A subcommittee within ANSI Committee A58.1 is currently studying the
problem with the stated aim of arriving at a compatible combination of
load effects for all building system materials. No results of their
study are available. After carefully evaluating the available material
and past experience and exercising reasonable engineering judgment, the
committee decided to express the load effect combinations involving
seismic design in a format similar to that used in ACI 318 but with the
values changed for the following reasons:
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1. The basic load factor used in ACI 318 to account for variability
of dead load effects is 0.75 x 1.4 = 1.05 (the 1.4 was 1.5 before 1971).
This factor combines with the appropriate understrength factor to produce
a design that is judged adequate on the basis of the ultimate strength
of individual members. On an average, actual dead loads have been found
to be 5 to 10 percent larger than those calculated in design. Thus it
is reasonable to use a factor of 1.05 on dead load in seismic design.

In Eq. 3-1 and 3-2, a factor of + 20 percent was placed on the dead
load to account for the effects of vertical acceleration. The concurrent
maximum response of vertical accelerations and horizontal accelerations,
direct and orthogonal, is unlikely and therefore the direct addition of
responses was not considered appropriate. For elements in which tensile
mode of failure is relatively brittie, a more conservative factor of 50
percent on the dead load was chosen for Eq. 3-2a.

A study was made to see if these factors could be modified to give consi-
deration to the different seismic areas. The resulting complexity of
the load combination equations could not be justified. Thus, the deci-
sion was made to keep one set of equations for all areas.

2. The live load factor of ACI 318 is 0.75 x 1.7 = 1.3. This
factor was chosen in order to simplify the load combination determina-
tions since the 0.75 factor appears in both dead and live load. The
terms "maximum lifetime live load" and "instantaneous live load" are
used. The maximum lifetime live load is assumed to be represented by the
code-specified live loads. In most instances, the actual instantaneous
live load is very much smaller than the maximum lifetime live load,
which acts for a short time period and is generally applied to a small
portion of the structure. For the purpose of these provisions, it was
decided to use only the code-specified loads for the present. A load
factor of 1.0 was chosen to partially recognize the lower values for
the instantaneous live load for combination with earthquake load effects.

3. For a combination with the design earthquake, it is assumed
that an instantaneous snow load for combination with earthquake loads
is the same as that expressed in the 1976 UBC.

4, The design basis expressed in Sec. 3.1 reflects the fact that
the specified earthquake loads are at the design level without amplifi-
cation by load factors; thus the load factor of 1.0 is assigned to the
earthquake load effects in Eq. 3-1, 3-2, and 3-2a.

3.7.2 Orthogonal Effects

Earthquake forces act in both principal directions of the building simul-
taneously, but the earthquake effects in the two principal directions
are unlikely to reach their maximum simultaneously. This section pro-
vides a reasonable and adequate method of combining them. It requires
that structural elements -be designed for 100 percent of the effects of
seismic forces in one principal direction combined with 30 percent of
the effects of seismic forces in the orthogonal direction. The following
combinations of effects of gravity loads, effects of seismic forces in
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the x-direction, and effects of seismic forces in the y-direction (ortho-
gonal to x-direction) thus pertain:

gravity + 100% of x-direction + 30% of y-direction
gravity + 30% of x-direction + 100% of y-direction

The combination and signs (plus or minus) requiring the greater member
strength are used for each member. Orthogonal effects are slight on
beams, girders, slabs and other horizontal elements that are essentially
one-directional in their behavior, but they may be significant in columns
or other vertical members which participate in resisting earthquake
forces in both principal directions of the building. For two-way slabs,
orthogonal effects at slab-to-column connections can be neglected pro-
vided the moment transferred in the minor direction does not exceed 30
percent of that transferred in the orthogonal direction and there is
adequate reinforcement within lines one and one-half times the slab
thickness either side of the column to transfer all the minor direction
moment.

3.7.3 Discontinuities in Strength of Vertical Resisting System

This section requires consideration of discontinuities in strength. It
is not generally recognized that large discontinuities in story strength
can cause adverse response effects in a building. Usual practice is to
determine what size, length, or strength of a resisting elements is
required; if more than the required strength is provided, so much the
better. Unfortunately, the extra strength in a story, if significantly
different than that in adjacent stories, can produce responses which
vary greatly from those calculated by using the procedures in Chapter 4
or 5.

The early developers of these provisions considered the following ap-
proach to this problem:

1. Compute the ratio of shear capacity to the design shear for
each story. Denote this ratio for story n by rp.

2. Compute, r, the average of rp over all stories.

3. If for any story rp is less than 2/3 r, modify R and Cq for
the building as given by Table 3-B to R and Cq where:

~

Cq

Il + (C4q - 1)/2
and

R = (Cg/CqlR.

4. Use R instead of R to recompute the lateral forces, Ed instead
of Cq in computing story drifts.

It is believed that further study shoulid be given to this problem.
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3.7.4 Nonredundant Systems

Consideration should be given in the design to potentially adverse ef-
fects where there is a lack of redundancy. Because of the many unknowns
and uncertainties in the magnitude and characteristics of the earthquake

loading, in the materials and systems of construction for resisting
earthquake loadings, and in the methods of analysis, good earthquake
engineering practice has been to provide as much redundancy as possible
in the seismic resisting system of buildings.

Redundancy plays an important role in determining the ability of the
building to resist earhtquake forces. In a structural system without
redundant components, every component must remain operative to preserve
the integrity of the building structure. On the other hand, in a highly
redundant system, one or more redundant components may fail and still
leave a structural system which retains its integrity and can continue
to resist lateral forces, albeit with diminished effectiveness.

Redundancy is often accomplished by making all joints of the vertical
load-carrying frame moment resisting and incorporating them into the
seismic resisting system. These multiple points of resistance can pre-
vent a catastrophic collapse due to distress or failure of a member or
joint. The overstrength characteristics of this type of frame are also
discussed earlier in the commentary in Sec. 3.1.

Redundant characteristics can also be obtained by providing several
different types of seismic resisting systems in a building. The backup
system can prevent catastrophic effects if distress occurs in the primary
system.

In summary, it is good practice to incorporate redundancy into the seis-
mic resisting system and not to rely on any system wherein distress in
any member may cause progressive or catastrophic collapse.

3.7.5 Ties and Continuity

The analysis of a structure and the provision of a design ground motion
alone do not make a structure earthquake resistant; additional design
requirements are necessary to provide adequate earthquake resistance in
buildings. While experienced seismic designers normally provide them,
some of the requirements have not been previously formally required
and consequently they have often been overlooked by inexperienced engi-
neers.

Probably the most important single attribute of an earthquake-resistant
building is that it is tied together to act as a unit, but no previous
code has stataed this requirement. This attribute is not only important
in earthquake resistant design, but is indispensable in resisting high
winds, floods, explosion, progressive failure, and even such ordinary
hazards as foundation settlement. Sec. 3.7.5 requires that all parts
of the building (or unit if there are separation joints) be so tied
together than any section passed through any part of the structure is
tied to the rest for a force of Av/3 with a minimum of 5 percent g. In
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addition, beams must be tied together and beams tied to their supports
or columns and columns to footings for a minimum of 5 percent of the
dead and live load reaction.

3.7.6 Concrete or Masonry Wall Anchorage

One of the major hazards from buildings during an earthquake is the
pulling away of heavy masonry or concrete walls from floors or roofs.
While requirements for the anchorage to prevent this separation have
been common in highly seismic areas, they have been minimal or nonex-
istent in most parts of the country. The requirement has been added in
this section that anchorage will be required in any locality to the
extent of 1,000 A, pounds per linear foot (pif). Although this require-
ment of itself may not provide complete earthquake-resistant design,
observations of earthquake damage indicate that this provision can great-
ly increase the earthquake resistance of buildings and reduce hazards
in those localities where earthquakes may occur but are rarely damaging.

In addition to the above general requirements, additional requirements
related to the expected earthquake intensities and the occupancy of the
structure are imposed in various zones. To accomodate and define these
requirements, the concept of Seismic Performance Category was introduced
in Sec. 1.4. The Seismicity Index and the Seismic Hazard Exposure Group
(occupancy or function of the building) are used in assigning buildings
to Seismic Performance Categories (Sec. 1.4 and Table 1-A).

3.7.7 Anchorage of Nonstructural Systems

Anchorage of nonstructural systems and components of buildings is re-
quired when prescribed in Chapter 8.

3.7.8 Collector Elements

Many buildings in ordinary practice have shear walls or other bracing
elements which are not uniformly spaced around the diaphragms. Such
conditions require that collector or drag bars be provided. A simple
illustration is shown in Figure C3-6. Consider a building as shown in
the plan with four short shear walls at the corners arranged as shown.
For north-south earthquake forces, the diaphragm shears on line AB are
uniformly distributed between A and B, if the chord reinforcing is as-
sumed to act on lines BC and AD. However, wall A is quite short, so
reinforcing steel is required to collect these shears and transfer them
to the wall. If wall A is a quarter of the length of AB, the steel
must carry, as a minimum, three-fourths of the total shear on line AB.
The same principle is true for the other walls. In Figure C3-7, rein-
forcing is required to collect the shears or drag the forces from the
diaphragm into the shear wall. Similar collector elements are needed
in most shear walls and some frames.
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3.7.9 ‘Diaphragms

Diaphragms are deep beams or trusses which distribute the lateral loads
from their origin to the components where they are resisted. As suchthey

are subject to shears, bending moments, direct stresses (truss member,
collector elements), and deformations. The deformations must be mini-
mized in some cases because they could overstreess the walls to which
they are connected. The amount of deflection permitted in the diaphragm
must be related to the ability of the walls (normal to the direction
being analyzed) to deflect without failure.

A detail which is commonly overlooked by many engineers is the require-
ment to tie the diaphragm together so that it acts as a unit. Wall
anchorages tend to tear off the edges of the diaphragm; thus the ties
must be extended into the diaphragm so as to develop adequate anchorage.
In several industrial buildings during the San Fernando earthquake,
seismic forces from the walls caused separations in the roof diaphragm
twenty or more feet from the edge.

When openings occur in shear walls, diaphragms, etc., it is not adequate
to only provide temperature trimbars. The chord stresses must be pro-
vided for and the chords anchored to develop the chord streses by embed-
ment. The embedment must be sufficient to take the reactions without
overstressing the material in any respect. Since the design basis de-
pends on an elastic analysis, the internal force system should be compat-
ible with both statics and the elastic deformations.

3.7.10 Bearing Walls

A minimum anchorage of bearing walls to diaphragms or other resisting
elements is specified. To ensure that the walls and supporting framing
system interact properly, it is required that the interconnection of
dependent wall elements and connections to the framing system have suffi-
cient ductility or rotational capacity, or strength, to stay as a unit.
Large shrinkage or settlement cracks can significantly affect the desired
interaction.

3.7.11 Inverted Pendulum-Type Structures

Inverted pendutum-type structures have a large portion of their mass
concentrated near the top, and thus have essentially one degree of free-
dom in horizontal transiation. Often the structures are T-shaped with
a single column supporting a beam or slab at the top. For such a struc-
ture, the lateral motion is accompanied by rotation of the horizontal
element of the T due to rotation at the top of the column, resulting in
vertical accelerations acting in opposite directions on the overhangs
of the strucure. Hence a bending moment would be induced at the top of
the column although the procedures of Sec. 4.2 and 4.5 would not so
indicate. A simple provision to compensate for this is specified in
this section. The bending moments due to the lateral force are first
calculated for the base of the column according to the provisions of
Sec. 4.2 and 4.5. One-half of the calculated bending moment at the
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base "is applied at the top and the moments along the column are varied
from 1.5 M at the base to 0.5 M at the top. The addition of one-half
the moment calculated at the base in accordance with Sec. 4.2 and 4.5
is based on analyses of inverted pendulums covering a wide range of
practical conditions.

3.7.12 Vertical Seismic Motions for Buildings Assigned to Catagories
Cand D

This section is intended to cover the effects of vertical ground motion
where they are most important. Factors of safety provided for gravity
load design, coupled with the small likelihood that maximum live loads
and earthquake loads would occur simultaneously, introduce some protec-
tion against the effects of the vertical component of ground motion.
Consequently there is need for special design for vertical ground accel-
erations only when the effects are significant when compared with those
from horizontal accelerations. Requirements for providing protection
against the possible effects of the vertical component of earthquake
motions are given. In the case of standard structures, these effects
are taken into account by a variation of 20 percent which is piaced on
the dead load (see Sec.3.7.1). A reduction in the gravity forces due
to the response to the vertical component of ground motions can be con-
siderably more detrimental in the case of prestressed horizontal compo-
nents for similar but regularly reinforced concrete components. Thus,
it is recommended that the 20 percent variation in dead load be replaced
by a 50 percent variation. To account for the effects of vertical vibra-
tion of horizontal cantilever members, it is recommended that they be
designed for a net upward force of 0.2 Qp. The structural members most
vulnerable to vertical earthquake forces are prestressed and cantilevered
beams, girders, and slabs.

The specific procedures are based in part on the premise that the verti-
cal accelerations which would develop in a building are very close to
those corresponding to a structure which is perfectly rigid in the verti-
cal direction. This is a reasonable basis provided the horizontal struc-
tural members can develop moderate ductility factors. Design require-
ments presented elsewhere in these provisions would usually ensure such
ductility capacity for downward inertia forces. To achieve it for up-
ward inertia forces, connections in precast concrete structures and
reinforcement in concrete members should be capable of resisting at
least some reversal of vertical forces. This is not automatically ful-
filled by simply supported or cantilevered beams, girders, and slabs,
nor by many prestressed concrete members.

3.8 DEFLECTION AND DRIFT LIMITS

This section provides procedures for the limitation of story drift.
The term "drift" has two connotations:

1. "Story drift" is the maximum lateral displacement within a
story (i.e., the displacement of one floor relative to the floor below
caused by the effects of seismic loads).
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2. The lateral displacement or deflection due to design forces ijs
the absolute displacement of any point in the structure relative to the
base. This is not "story drift" and is not to be used for drift control
or stability considerations since it may give a flase impression of the
effects in critical stories. However, it is important when considering
the seismic separation requirements.

There are many reasons for controlling drift; one of these is the control
of member inelastic strain. Although use of drift limitations is an
imprecise and highly variable way of controlling strain, this is balanced
by current state of knowledge of what the strain limitations should be.

Considerations of stability dictate that flexibility be controlled.
The stability of members under elastic and inelastic deformation caused
by earthquakes is a direct function of both axial loading and bending
of members. A stability problem is resolved by limiting the drift on
the vertical load carrying elements and the resulting secondary moment
from this axial load and deflection (frequently called the P-delta ef-
fect). Under small lateral deformations, secondary stresses are normally
within tolerable limits. However, larger deformations with heavy verti-
cal loads can lead to significant secondary moments from the P-delta
effects in the design. The drift limits indirectly provide upper bounds
for these effects.

Buildings subjected to earthquakes need drift controil to restrict damage
to partitions, and shaft and stair enclosures; glass and other fragile
nonstructural elements; and, most importantly, to minimize differential
movement demands on the seismic safety elements. As general damage
control for economic reasons is not a goal of this document and since
the state of the art is not well developed in this area, the drift limits
have been established without regard to considerations such as present
worth of future repairs versus additional structural costs to limit
drift. These are separate matters for building owners and designers to
examine. To the extent that life might be excessively threatened, gen-
eral nonstructural damage to nonstructural and seismic safety elements
is a drift limit consideration.

The design story drift limits of Table 3-C are consensus judgments taking
into account all the goals of drift control as outlined above. In terms
of the objectives regarding life safety and damage control, it is felt
that they will yield a substantial, though not absolute, measure of
safety for well detailed and constructed brittle elements and tolerable
limits wherein the seismic safety elements can successfully perform,
provided they are designed and constructed in accordance with these
provisions.

To provide a higher performance standard, the drift limit for the essen-
tial facilities of Seismic Hazard Exposure Group IIl is more stringent
than the limit for Groups I and II.

The drift limit for the structures of ordinary importance in Seismic
Hazard Exposute Group I can be relaxed somewhat provided the criteria
of the footnote to Table 3-C are met. The type of building envisioned
would be similar to a prefabricated steel structure with metal skin.
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When -the one-third increase is used, it is recommended that special
provisions be provided for the seismic safety elements to accommodate
the drift.

It should be emphasized that the drift limits, A5, of Table 3-C are
story drifts and therefore applicable to each story, i.e., they shalli
not be exceeded in any story even though the drift in other stories
may be well below the limit. The limit, Az is to be compared to the
design story drift as determinded by Sec. 4.6.1.

Stress or strength limitations imposed by design level forces may occa-
sionally provide adequate drift control. However, it is expected that
the design of moment resisting frames, especially steel building frames,
and the design of tall, narrow shear walls or braced frame buildings

will be governed at least in part by drift considerations. In areas
having a large seismic coefficient, A,, it is expected that seismic
drift considerations will predominate for buildings of medium height.

In areas having a low seismic coefficient and for very tall buildings
in areas with large coefficients, wind considerations may generally
control, at least in the lower stories.

Due to probable first mode drift contributions and Cg being generally
conservative at higher values of T or T, the ELF procedure of Chapter
4 may be too conservative for drift design of very tall moment-frame
buildings or parts to respond independently to earthquake ground motion.
Unless all portions of the structure have been designed and constructed
to act as a unit, they must be separated by seismic joints. It is recom-
mended that unless irregular structures can be reliably expected to act
as a unit, seismic joints be utilized to separate the building into
units whose independent response to earthquake ground motion can be
predicted.

Building separations and seismic joints are separations between two
adjoining buildings or parts of the same building, with or without fran-
gible closures, for the purpose of permitting the adjoining buildings
or parts to respond independently to earthquake ground motion. Unless
all portions of the structure have been designed and constructed to act
as a unit, they must be separated by seismic joints. [t is recommended
that unless irregular struqtures can be reliably expected to act as a
unit, seismic joints be utilized to separate the building into units
whose independent response to earthquake ground motion can be predicted.

Although the provisions do not give precise formulations for the separa-
tions, it is required that the distance be "sufficient to avoid damaging
contact under total deflection" in order to avoid interference and possi-
ble destructive hammering between buildings. It is recommended that
the distance be equal to the total of the lateral deflections of the
two units assumed deflecting toward each other (this involves increasing
separations with height). I[f the effects of hammering can be shown not
to be detrimental, these distances can be reduced. For very rigid shear
wall structures with rigid diaphragms whose lateral deflections cannot
be reasonably estimated, it is suggested that older code requirements
for structural separations of at least 1 inch plus 1/2 inch for each
10 feet of height above 20 feet be followed.
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Chapter 4 Commentary

EQUIVALENT LATERAL FORCE PROCEDURE

4.1 GENERAL

This chapter covers the equivalent lateral force seismic analysis proce-
dure for buildings.

4.2 SEISMIC BASE SHEAR

The heart of the equivalent lateral force (ELF) procedure is Eq. 4-1
for base shear, which gives the total seismic design force, V, in terms
of two factors: a seismic coefficient, Cq, and the total gravity load
of the building, W.

The gravity load W is the total weight of the building and that part of
the service load that one might reasonably expect to be attached to the
building at the time of an earthquake. This includes partitions, perma-
nent or movable, plus permanent equipment such as mechanical and electri-
cal equipment, piping, and ceilings. The normal human live load is
taken to be negligibly small in its contribution to the seismic lateral
forces. Buildings designed for storage or warehouse usage shall have
at least 25 percent of the design floor live load included in the weight,
W. Snow loads up to 30 psf are not considered (see Sec. 2.1). Freshly
fallen snow would have little effect on the lateral force in an earth-

quake; however, ice loading would be more or less firmly attached to
the roof of the building and would contribute significantly to the iner-
tia force. For this reason, the effective snow load is taken as the
full snow load for those regions where the snow load exceeds 30 psf
with the proviso that the local Regulatory Agency may allow the snow
load to be reduced up to 80 percent. The question of how much snow
load should be included in W is really a question of how much ice buildup
could be expected at the building site, and this is a question best
left to the discretion of the local Regulatory Agency.

.The seismic coefficient formula and the various factors contained therein
were arrived at on the bases described below.

Elastic Acceleration Response Spectra

See Chapter | Commentary for Sec. 1.4.1.




Elastic Design Spectra

It is apparent from the foregoing paragraphs that the elastic acceler-
ation response spectra for earthquake motions has a descending branch
for longer values of T, the period of vibration of the system, and it
varies roughly as 1/T. However, because of a number of reasons associ-
ated with the structural behavior of long-period buildings, it was de-
cided that ordinates of design spectra should not decrease as rapidly
with T; hence, the period T appears to the two-third power in the denom-
inator of Eq. 4-2. The reasons for designing long-period buildings more
conservatively include the following:

. The fundamental period of a building increases with number
of stories. Hence, the longer the T, the larger the likely number of
stories and, therefore, the number of degrees of freedom; hence, the more
likely that high ductility requirements can be concentrated in a few
stories of the building, at least for some earthquakes.

2. The number of potential modes of failure increases, general-
ly with T. |If design spectra were proportional to response spectra for
single-degree-of-freedom systems, the probability of failure would in-
crease with T.

3. Instability of a building is more of a problem with increasing
T.

Estimated Period

In the denominator of Eq. 4-2, T is intended to be an estimate of the
fundamental period of vibration of the building. Methods of mechan-
ics cannot be employed to calculate the vibration period before a build-
ing design, at least a preliminary one, is available. Simple formulas
that involve only a general description of the building type (e.g.,
stee]l moment frame, concrete moment frame, shear wall system, braced
frame), and overall dimensions (e.g. height and plan .length) are there-
fore necessary to estimate the vibration period in order to calculate
an initial base shear and proceed with a preliminary design. For pre-
liminary member sizing, it .is advisable that this base shear and the
corresponding value of T be conservative. Thus, the value of T should
be smaller than the true period of the building. Equations 4-4 and 4-5
are therefore intended to provide conservative estimates of the funda-
mental period of vibration.

Taking the seismic base shear coefficient to vary as l/Tz/3 and assuming
that the lateral forces are distributed linearly over the height and
the deflections are controlled by drift timitations, a simple analysis
of the vibration period by Rayleigh’s method (Clough and Penzien, 1975;
Newmark and Rosenblueth, 1971; Thomson, 1965; Wiegel, 1970) leads to
the conclusion that the vibration period of moment-resisting structures
varies roughly as: h3/% where h, equals the total height of the building
as defined elsewhere. Equation 4-4 is therefore appropriate and the
values of the coefficient Cy have been established to produce values
for T, generally lower than the true fundamental vibration period of
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moment frame buildings. This is apparent in Figures C4-1 and C4-2,
wherein Eq. 4-4 is compared with fundamental vibration periods as com-
puted from accelerograph records from upper stories of several build-
ings during the 1971 San Fernando earthqguake.

The coefficient C5 accommodates the probable fact that buildings in
areas with lower lateral force requirements would be more flexible.
Furthermore, it results in less dramatic changes from present practice
in lower risk areas. It is generally accepted that the equations for
Tq are tailored to fit the type of construction common in areas with
high lateral force requirements.

It is unlikely that buildings in lower risk seismic areas would be de-
signed to yield as high a drift level as allowed in the provisions due
to P-A problems and wind requirements. For buildings that are actually
"control led" by wind, the calculation of a large T will not really result
in a lower design force; thus, use of this approach in high-wind regions
should not result in unsafe design.

Equation 4-5 is identical to an existing formula in the Structural En-
gineers Association of California’s recommendations (1974). It is ap-
parent from Figure C4-3 that this would generally underestimate the
fundamental vibraiton period of reinforced-concrete shear-wall build-
ings. Equation 4-5 is to be used for all buildings other than those
included in Figures C4-1 to C4-3 because there is insufficient data on
measured periods of such building types and materials to permit develop-
ment of special formulas. It is expected to provide underestimates of
periods of vibration for other building types.

As an exception to Eq. 4-4 and 4-5, these design provisions allow the
calculated fundamental period of vibration, T, of the Seismic Resisting
System to be used in calculating the base hsear. However, the period,
T, used may not exceed 1.2 T as determined from Eq. 4-4 or 4-5 as appro-
priate.

For exceptionally stiff or light buildings, the calculated T for the
Seismic Resisting System may be significantly shorter than T4 calculated
by Eq. 4-4 or 4-5, For such buildings it is recommended that the period
value T be used in lieu of Ty for calculating the base shear coefficient,
Cs.

The fundamental period of vibration of the Seismic Resisting System is
to be calculated according to established methods of mechanics (Clough
and Penzien, 1975; Newmark and Rosenblueth, 1971; Thomson, 1965; Wiegel,
1970). Computer programs are available for such calculations. One
method of calculating the period, probably as convenient as any, is the
use of a formula based on Rayleigh’s method (Clough and Penzien, 1975;
Newmark and Rosenbiueth, 1971; Thomson, 1965; Wiegel, 1970):

n n
Iwi 6f/a9LF; &, (Ca-1)
T =2n i=1 i=1
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FIGURE C4-1 Steel frames. The identification numbers, names, and ad-
dresses of the buildings considered are as follows: (1) K B Valley
Center, 15910 Ventura; (2) Jet Propulsion Lab Administration Building
No. 180;.(3) 6464 Sunset Boulevard;, (4) 1900 Avenue of the Stars, Cen-
tury City; (5) 1901 Avenue of the Stars, Century City; (6) 1880 Century
Park East, Century City; (7) 1888 Century Park East Office Tower, Century
City; (8) Mutual Benefit Life Plaza, 5900 Wilshire Boulevard; (9) Depart-
ment of Water and Power, 11l North Hope Street; (10) Union Bank Building,
445 South Figueroa; (ll1) Kajima International, 250 East First Street;
(12) Bunker Hill Tower, 800 West First Street; (13) 3407 West Sixth
Street; (14) Occidental Building, 1150 South Hill Street; (15) Crocker
Citizens Bank Building, 61! West Sixth Street; (16) Sears Headquarters,
900 South Fremont, Alhambra; (17) 5260 Century Boulevard.
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FIGURE C4-2 Reinforced concrete frames. The identification numbers,
names, and addresses of the bufldings considered are as follows: (1)
Holiday Inn, 8244 Orion Street; (2) Valley Presbyterian Hospital, 15107
Vanowen Boulevard; (3) Bank of California, 15250 Ventura Boulevard; (4)
Hilton Hotel, 15433 Ventura Boulevard; (5) Sheraton-Universail, 3838
Lankershim Boulevard; (6) Muir Medical Center, 7080 Hollywood Boule-
vard; (7) Holiday Inn, 1760 North Orchid; (8) 1800 Century Park East,
Century City; (9) Wilshire Christian Towers, 616 South Normandie Avenue;
(10) Wilshire Square One, 3345 Wilshire Boulevard; (11) 533 South Fre-
mont; (12) Mohn Olympic, 1625 Olympic Boulevard; (13) 120 Robertson;
(14) Holiday Inn, 1640 Marengo. Incomplete study data have suggested
that buildings 1, 3, 4, 7, 8, 9, 10, 11, 13, and 14 may not act as true
frames; these buflding numbers are marked with an asterisk (*).
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FIGURE C4-3 Rinforced concrete shear wall buildings. The identification
numbers, buildings, and addresses of the bulldings considered are as
follows: (1) Certified Life, 14724 Ventura Boulevard; (2) Kaiser Founda-
tion Hospital, 4867 Sunset Boulevard; (3) Millikan Library, Cal Tech,
Pasadena; (4) 1888 Century Park East, Century City; (5) 3470 Wilshire
Boulevard; (6) Los Angeles Athletic Ciub Parking Structure, 646 South
Olive; (7) Parking Structure, 808 South Olive; (8) USC Medicat Center,
2011 Zonal; (9) Airport-Marina Hotel, 8639 Lincoln, Marina Del Ray.




in which Fj is the seismic lateral force at level 1, w; is the gravity
load assigned in level i, &§; is the static lateral displacement at level
i due to the forces F; computed on a linear elastic basis, and g is
the acceleration of gravity.

The calculated period increases with an increase in flexibility of the
structure, for the & term in the Rayleigh formula appears to the second
power in the numerator but to only the first power in the denominator.
Thus, if in calculating the deflections &§ one ignores the contribution
of nonstructural elements to the stiffness of the structure, the deflec-
tions are exaggerated and the calculated period is lengthened, leading
to a decrease in the coefficient Cg and, therefore, a decrease in the
design force. Nonstructural elements do not know that they are non-
structural. They participate in the behavior of the structure even
though the designer may not rely on them for contributing any strength
or stiffness to the structure. To ignore them in calculating the period
is to err on the unconservative side. The limitation of 1.2 T5 is im-
posed as a safeguard. |If the ratio were this maximum of 1.2, the effects
of design lateral forces would be a reduction of less than 10 percent.

Response Modification Factor

The factor R in the denominator of Eq. 4-2 is an empirical response
reduction factor intended to account for both damping and the ductility
inherent in the structural system at displacements great enough to sur-
pass initial yield and approach the ultimate load displacement of the
structural system. Thus, for a lightly damped building structure of
brittle material that would be unable to tolerate any appreciable defor-
mation beyond the elastic range, the factor R would be close to 1 (i.e.,
no reduction would be allowed). At the other extreme, a heavily damped
building structure with a very ductile structural system would be able
to withstand deformations considerably in excess of initial yield and
would, therefore, justify the assignment of a larger response reduction
factor R. Table 3-B in the provisions stipulates R coefficients for
different types of building systems using several different structuratl
materials. The coefficient R ranges in value from a minimum of I-1/4
for an unreinforced masonry bearing wall system to a maximum of 8 for a
Special Moment Frame system. The basis for the R-factor values specified
in Table 3-B is presented in the Chapter 3 Commentary.

Equation 4-3 and 4-3a provide a cut-off for lower period buildings. A
discussion of these two formulas is given in the Chapter | commentary
for Sec. 1.4.1.

During the discussions leading to the establishment of Eq. 4-1 for deter-
mining the design base shear of a building, the use of a factor (such
as an occupancy factor) related to the Seismic Hazard Exposure Group
was considered. After lengthy consideration it was decided that arbi-
trarily increasing the seismic base shear is generally ineffective in
improving building safety. Good connections and construction details,
quality assurance procedures, and |imitations on building deformation
or drift. will significantly improve the capability for maintenance of
function and safety in critical factilities and those with a high-density




occupancy. Accordingly, after comparing the design effects resulting
from the early version of these provisions (ATC 3-06) with previous
design codes, it was decided that the specified force levels provide an
adequate force function for design of all buildings. However, to improve
the capability for meeting the more restrictive requirements for Seismic
Hazard Exposure Group Il buildings, building design categories were
specified and appropriate special detailing requirements added. The
reduction in the damage potential of critical facilities (Group II1)
was handled by using more conservative drift controls (Sec. 3.8) and by
providing special design and detailing requirements (Sec. 3.6) and mater-
fals limitations (Chapters 9 through 12).

4.3 VERTICAL DISTRIBUTION OF SEISMIC FORCES

The distribution of lateral forces over the height of a building is
generally quite complex because these forces are the result of superposi-
tion of a number of natural modes of vibration. The relative contribu-
tions of these vibration modes to the total forces depends on a number
of factors including shape of the earthquake response spectrum, natural
periods of vibration of the building, and shapes of vibration modes
which, in turn, depend on the mass and stiffness over the height (see
Sec. 3.4). The basis of this method is discussed below. In buildings
having only minor irregularity of mass or stiffness over the height,
the accuracy of the lateral force distribution as given by Eq. 4-6a is
much improved by the procedure described under Sec. 3.5 of the Chapter
3 Commentary.

The lateral force at each floor, x, due to response in the first (funda-
mental) natural mode of vibration is:

n
Fxt = V1 [lwxdx1)/( E widi )],

where V| is the contribution of this mode to the base shear, wj is the
weight lumped at the ith floor level, and ¢; is the amplitude of the
first mode at the ith floor level. This is the same as Eq. 5-4 and
5-4a in Chapter 5 of the provisions but specialized for the first mode.
If V) is replaced by the total base shear, V, the above equations will
become identical to Eqg. 4-6 and 4-6a with k = 1 if the first mode shape
is a straight line and with k = 2 if the first mode shape

is a parabola with its vertex at the base.

[t is well known that the influence of modes of vibration higher than
the fundamental mode is small in the earthquake response of short-period
buildings and that in regular buildings the fundamental vibration mode
departs titttle from a straight line. This along with the foregoing
paragraph provides a basis for Eq. 4-6a; with k = | for buildings having
a fundamental vibration period of 0.5 seconds or less.

It has been demonstrated that although the earthquake response of long-
period buildings is primarily due to the fundamental natural mode of

vibration, the influence of higher modes of vibration can be significant, -
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and in regular buildings, the fundamental vibration mode lies approxi-
mately between a straight line and a parabola with the vertex at the
base. In light of this and the foregoing paragraph, Eq. 4-6a with k =
2 is appropriate for buildings having a fundamental period of vibra-
tion of 2.5 seconds or longer. Linear variation of k between | at 0.5
second period and 2 at 2.5 seconds provides the simplest possible transi-
tion between the two extreme values.

4.4 HORIZONTAL SHEAR DISTRIBUTION AND TORSION

Reasonable and consistent assumptions regarding the stiffness of concrete
and masonry elements may be used for analysis in distribution of the
shear force to vertical elements connected by a horizontal diaphragm.

The torsional moment to be considered in the design of elements in a
story consists of two parts:

I. Mg, the moment due to eccentricity between centers of mass
and resistance for that story, shall be computed as the story shear
times the eccentricity perpendicular to the direction of applied earth-
quake forces.

2. Mgy commonly referred to as "accidental torsion," shall be
computed as the story shear times the "accidental eccentricity," equal
to 5 percent of the dimension of the building, in the story under consi-
deration perpendicular to the direction of the applied earthquake forces.

Computation of Myy in this manner is equivalent to the procedure in
Sec. 4.3, wherein it is implied that the dimension of the building is
the dimension in the story where the torsional moment is being computed
and that all the masses above the story should be assumed to be displaced
in the same direction at one time (e.g., first, all of them to the left
and, then, to the right).

Dynamic analyses assuming linear behavior indicate that the torsional
moment due to eccentricity between centers of mass and resistance may
significantly exceed M (Newmark and Rosenbiueth, 1971). However, such
dynamic magnification is not included in these design provisions, partly
because its significance is not well understood for buildings designed
to deform well beyond the range of |inear behavior.

The torsional moment My calculated in accordance with this provision
would be zero in those stories where centers of mass and resistance
coincide. However, during vibration of the building, torsionai moments
would be induced in such stories due to eccentricities between centers
of mass and resistance in other stories. To.account for such effects,
it is recommended that the torsional moment in any story be not smaller
than the following two values: the story shear times one-half of the
maximum of the computed eccentricities in all stories below the one
being analyzed, and one-half of the maximum of the computed torsional
moments for all stories above (Newmark and Rosenblueth, 1971).




Accidental torsion is intended to cover the effects of several factors
that have not been explicitly considered in the design provisions.
These factors include the rotational component of ground motion about a
vertical axis; unforeseeable differences between computed and actual
values of stiffness, yield strengths, and dead-load masses; and unfore-
seeable unfavorable distributions of live-load masses.

There are indications that the 5 percent accidental eccentricity may be
too small in some buildings for they may develop torsional dynamic insta-

bility. Some examples are the upper stories of tall buildings having
little or no nominal eccentricities, those structures where the calcula-
tions of relative stiffnesses of various elements are particularly un-
certain (e.g., those that depend largely on masonry walls for later-
al force resistance or those that depend on vertical elements made of
different materials), and nominally symmetrical structuress that behave
essentially ltike elastic nonlinear systems (e.g., some prestressed con-
crete frames). In such cases, it will be appropriate to increase the
accidental eccentricity from 5 to perhaps 10 percent of the appropriate
building dimension as discussed previously.

The way in which the story shears and the effects of torsional moments
are distributed to the vertical elements of the seismic resisting system
depends on the stiffness of the diaphragms relative to vertical elements
of the seismic resisting system.

Where the diaphragm stiffness in its own plane is sufficiently high
relative to the stiffness of the vertical components of the seismic
resisting system, the diaphragm may be assumed to be indefinitely rigid
for purposes of this section. Then, in accordance with compatibility
and equilibrium requirements, the shear in any story shall be distributed
among the vertical components in proportion to their contributions to
the lateral stiffness of the story while the story torsional moment
produces additional shears in these components that are proportional
to their contributions to the torsional stiffness of the story about
its center or resistance. This contribution of any component is the
product of its lateral stiffness and the square of its distance to the
center of resistance of the story. Alternatively, the story shears and
torsional moments may be distributed on the basis of a three-dimensional
analysis of the structure,. consistent with the assumption of linear
behavior,

Where the diaphragm in its own plane is very fiexible relative to the
vertical components, each vertical component acts almost independently
of the rest; accidental torsion is insignificant and can therefore be
fgnored. The story shear should be distributed to the vertical compo-
nents considering these to be rigid supports. Analysis of the:diaphragm
acting as a continuous horizontal beam or truss on rigid supports leads
to the distribution of shears. Because the properties of the beam or
truss may not be accurately computed, it is recommended that the shears
in vertical elements not be taken to be less than those based on tribu-
tary areas.

There are some common sfituations where it is obvious whether the dia-

phragm can be assumed as rigid or very flexible in its own plane for -

104

.




purposes of distributing story shear and considering torsional moments.
For example, a solid monolithic, reinforced concrete slab, square or
nearly square in plan, in a building with slender, moment resisting
frames may be regarded as very flexible. In intermediate situations
it is recommended that the design forces be based on an analysis that
explicitly ‘considers diaphragm deformations and satisfies equilibrium
and compatibility requirements or they should be the envelope of the
two sets of forces resulting from both extreme assumptions regarding
the diaphragms--infinitely stiff or very flexible.

Where the horizontal diaphragm is not continuous, the story shear can
be distributed to the vertical components based on their tributary areas,
and torsional moments (both My and Myy) can be ignored.

4.5 OVERTURNING

This section requires that the building be designed to resist overturning
moments statically consistent with the design story shears, except for
reduction factor «k in Eq. 4-8. There are several reasons for reducing
the statically computed overturning moments:

1. The distribution of design story shears over height computed
from the lateral forces of Sec. 4.2 is intended to provide an envelope;
shears in all stories do not attain their maximum simuitaneously. Thus,
the overturning moments computed statically from the envlieope of story
shears will be overestimated.

2. It is intended that the desian shear envelope, which is based
on the simple distribution of forces specified in Sec. 4.3, be conserva-
tive. If the shear in a specific story is close to the exact value,
the shears in almost all other stories are almost necessarily overesti-
mated. Hence, the overturning moments statically consistent with the
design story shears will be overestimated.

3. Under the action of overturning moments, one edge of the foun-
dation may lift from the ground for short durations of time. Such be-
havior leads to substantial reduction in the seismic forces and conse-
quently the overturning moments.

The overturning moments computed statically from the envelope of story
shears may be reduced by no more than 20 percent. This value is similar
to those obtained from results of dynamic analysis taking into account
Reasons 1 and 2 above. No reduction is permitted in the uppermost 10
stories primarily because the statically computed overturning moment in
these stories may err on the unsafe side (Newmark and Rosenblueth,
1971).. In any case, there is hardly any benefit in reducing the over-
turning moments in the stories near the top of buildings because design
of vertical elements in these stories is rarely governed by overturning
moments. For the eleventh to the twentieth stories from the top, linear
variation of « provides the simplest transition between the minimum and
maximum values of 0.8 and 1.0.




In the design of the foundation, the overturning moment may be calculated
at the foundation-soil interface using Eq. 4-8 with x = 0.75 for all
building heights. This is appropriate because a slight uplifting of
one edge of the foundation during vibration leads to reduction in the
overturning moment and because such behavior does not normally cause
structural distress.

Formerly many building codes and design recommendations, including the
1968 recommendations of the Structural Engineers Association of Califor-
nia (SEAOC), allowed more drastic reduction in overturning moments rela-
tive to their value statically consistent with the design story shears.
These reductions appeared to be excessive in light of the damage to
buildings during the 1967 Caracas earthquake where a number of column
failures were due primarily to effects of overturning moment. In later
versions of the SEAOC recommendations (1973), no reduction was allowed.
The moderate reduction permitted in Sec. 4.5, which is consistent with
results of dynamic analyses (Newmark and Rosenblueth, 1971), is more
appropriate because use of the full statically determined overturning
moment can not be justified in light of the reasons mentioned in the
first paragraph of this commentary section.

4.6 DRIFT DETERMINATION AND P-DELTA EFFECTS

This section defines the design story drift as the difference of the
deflections, 6y, at the top and bottom of the story under considera-
tion. The deflections, &y, are determined by multiplying the deflec-
tions, &ye (determined from an elastic analysis), by the deflection
amplification factor, C4q, as given in Table 3-B. The elastic analysis
is to be made for the seismic resisting system using the prescribed
seismic design forces and considering the building to be fixed at the
base. Stiffnesses other than those of the seismic resisting system
should not be included since they may not be reliable at higher, inelas-
tic strain levels.

The deflections shall be determined by combining the effects of joint
rotation of members, shear deformations between floors, the axial defor-
mations of the overall lateral resisting elements, and the shear and
flexural deformations of shear walls and braced frames. The deflections
are determined initially on the basis of the distribution of lateral
forces stipulated in Sec. 4.3. For frame structures, the axial deforma-
tions from bending effects, although contributing to the overall building
distortion, may or may not affect the story-to-story drift; however,
they shall be considered, Centerline dimensions between the frame eile-
ments are often used for analysis, but clear span dimensions with consid-
eration of joint panel zone deformation also may be used.

For determining compliance with the story drift limitation of Sec. 3.8,
the defliections, &y, may be calculated as indicated above or the Seismic
Resisting System and design forces corresponding to the fundamental
period of the building, T (calculated without the limit specified in
Sec. 4.2.2), may be used. The same model of the seismic resisting system
used in determining the deflections must be used for determining T.
The waiver does not pertain to the calculation of drifts for determining
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P-delta effects on member forces, overturning moments, etc. If the
P-delta effects as determined in Sec. 4.6.2 are significant, the design
story drift shall be increased by the resulting incremental factor.

The P-delta effects in a given story are due to the eccentricity of the
gravity load above that story. If the story drift due to the lateral
forces prescribed in Sec. 4.3 were A, the bending moments in the story
would be augmented by an amount equal to A times the gravity load above
the story. The ratio of the P-delta moment to the lateral force story
moment is designated as a stability coefficient, 6 in Eq. 4-10. 1If
the stability coefficient 8 is less than 0.10 for every story, then the
P-delta effects on story shears and moments and member forces may be
ignored. I[f, however, the stability coefficient 6 exceeds 0.10 for any
story, then the P-delta effects on story drifts, shears, member forces,
etc., for the whole building must be determined by a rational analysis.

An acceptable P-delta analysis, when required, is as follows:

1. Compute for each story the P-delta amplification factor, ag
= 8/(1-8). ag takes into account the multiplier effect due to the ini-
tial story drift leading to another increment of drift that would lead
to yet another increment, etc. Thus, both the effective shear in the
story and the computed eccentricity would be augmented by a factor 1
+ 0+ 62+ 0% ..., which is 1/(1-8) or (1 + ag).

2. Multiply the story shear, V4, in each story by the factor (I
+ ag) for that story and recompute the story shears, overturning moments,
and other seismic force effects corresponding to these augmented story
shears.

The augmented story drifts thus determined are the drifts that would
pertain to an elastic structure. The drifts characterizing the extreme
displacement expected from the design earthquake would be magnified
because of inelastic displacement. Therefore, the design story drifts
are stipulated to be those computed by Eqg. 4-10, which incorporates
the deflection amplification factor, Cq, ranging in vaiue from 1.25 to
6.5, depending upon the ductility of the structural system and the struc-
tural materials employed.

Any of a number of rational analyses could be used. Some published
computer programs take P-delta effects into account.
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Chapter 5 Commentary
MODAL ANALYSIS PROCEDURE

5.1-5.2 GENERAL and MODEL ING

Modal analysis (Newmark and Rosenblueth, 1971; Clough and Penzien, 1975;
Thomson, 1965; Wiegel, 1970) is generally applicable for calculating
the linear response of complex, multidegree-of-freedom structures and
is based on the fact that the response is the superposition of the re-
sponses of individual natural modes of vibration, each mode responding
with its own particular pattern of deformation, the mode shape, with
its own frequency, the modal frequency, and with its own modal damping.
The response of the structure can therefore be modeled by the response
of a number of single-degree-of-freedom oscillators with properties
chosen to be representative of the mode and the degree to which the
mode is excited by the earthguake motion. For certain types of damping,
this representation is mathematically exact, and for building structures,
numerous full-scale tests and analyses of earthquake response of struc-
tures have shown that the use of modal analysis, with viscously-damped
single-degree-of-freedom oscillators describing the response of the
structural modes, is an accurate approximation for analtysis of linear
response.

Modal analysis is useful in design because formulas describing seismic
coefficients (e.g., Eq. 4-2) can be interpreted as acceleration design
spectra and can therefore be used to specify the maximum response of
each mode of a compliex building. This specified maximum response can
be expressed in several ways. For these provisions, it was decided
that the modal forces and their distributions over the structure should
be given primary emphasis to highlight the similarity to the equivalent
static methods traditional in building codes (Structural Engineers As-
sociation of California, 1968, 1973, 1974). Thus, the coefficient Cgpn
in Eq. 5-1 and the distribution equations, Eq. 5-4 and 5-4a, are the
counterparts of Eq. 4-1, 4-6, and 4-6a. This correspondence helps clar-
ify the fact that the simplified modal analysis contained in Chapter 5
is simply an attempt to specify the equivalent lateral forces on a build-
ing in a way that directly reflects the individual dynamic character-
istics of the building. Once the story shears and other response vari-
ables for each of the important modes are determined and combined to
produce design values, the design values are used in basically the same
manner as the equivalent lateral forces given in Chapter 4.

The modal analysis procedure specified in Chapter 5 is simplified from
the general case by restricting consideration to lateral motion in a
plane. As noted in Sec. 5.2, only one degree of freedom is required
per floor for this type of motion. The effects of the horizontal compo-
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nent of ground motion perpendicular to the direction under consideration,
the vertical component of ground motion, and the torsional motions of
the building are all considered in the same simple manner as in the
equivalent lateral force procedure.

5.3 MODES

The purpose of this section is to define the number of modes to be used
in the analysis. For many structures, including low-rise buildings and
structures of moderate height, three modes of vibration in each direction
are nearly always sufficient to determine design values of the earthquake

response of the building. For buildings of only one or two stories, a
number of modes equal to the number of stories suffices for purposes of
design, hence the last phrase. for high-rise structures, however, more
than three modes may be required to adequately determine the forces for
design. In this case, all modes having natural periods larger than .
0.40 seconds are to be used. For very tall or very flexible structures,

it may be necessary to consider six or more modes in each direction. |

The requirements of this section are intended to specify the minimum
number of modes to be considered and there may be instances in which
the designer may wish to include additional modes in the analysis in
order to obtain a more reliable indication of the possible earthquake
response of the structure.

5.4 PERIODS

Natural periods of vibration are required for each of the modes used in |
the subsequent calculations. These are needed to determine the modal

coefficients Cgqy from Eq. 5-3. Because the periods of the modes |
contemplated in the provisions are those associated with moderately
large, but still essentially linear, building response, the period cal-
culations should include only those elements that are effective at
these amplitudes. Such periods may be longer than those obtained from 1
a small-amplitude test of the building when completed or the response

to small earthquake motions because of the stiffening effects of non-

structural and architectural components of the building at small ampli- \
tudes. During response to strong ground-shaking, however, the measured ‘
responses of buildings have shown that the periods lengthen, indicating

the loss of the stiffness contributed by those components. ‘

There exists a wide variety of methods for calculation of natural periods

and associated mode shapes, and the developers of the provisions elected

not to specify the particular method to be used in design. It was judged

essential, however, that the method used be one based on generally accep-

ted principles of mechanics, such as are given, for example, in well-

known textbooks on structural dynamics and vibrations (Clough and Pen-

zien, 1975; Newmark and Rosenblueth, 1971; Thomson, 1965; Wiegel, 1970).

Although it is expected that computer programs, whose accuracy and relia-

bility are documented and widely recognized, will be used to calculate “
the required natural periods and associated mode shapes in many cases,
the use of such programs is not required.
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5.5 MODAL BASE SHEAR

A central feature of modal analysis is that the earthquake response is
considered as a combination of the independent responses of the building
vibrating in each of its important modes. As the building vibrates
back and forth in a particular mode at the associated period, it experi-
ences maximum values of base shear, interstory drifts, floor displace-
ments, base (overturning) moments, etc. In this section, the base shear
in the mth mode is specified as the product of the modal seismic coeffic-
ient Cgy and the effective weight Wy for the mode. The coefficient Cgp
is determined for each mode from Eq. 5-3 using the associated period
of the mode, Ty, in addition to the factors A, S, and R, which are dis-
cussed elsewhere in this commentary. An exception to this procedure
occurs for higher modes of those buildings that have periods shorter
than 0.3 second and that are founded on Type S3 soils. For such modes,
Eq. 5-3a is used. Equation 5-3a gives values ranging from 0.8 Ag/R
for very short periods to 2.0 Ag3/R for T, = 0.3. Comparing these values
to the timiting values of C5 of 2.0 Az/R for Type S3 soils as specified
following Eq. 5-3, it is seen that the use of Eg. 5-3a, when applicabie,
reduces the modal base shear. This is an approximation introduced in
consideration of the conservatism embodied in using the spectral shape
specified by Eq. 5-3 and its limiting values. This spectrum shape so
defined is a conservative approximation to average spectra that are
known to first ascend, level off, and then decay as period increases.
Equation 5-3 and its limiting values conservatively replace the ascending
portion for small periods by a level portion. For Type S; and S, soils,
the ascending portion of the spectra is completed by the time the period
reaches a small value near 0.1 or 0.2 seconds. On the other hand, for
soft soils the ascent may not be completed until a larger period is
reached. Equation 5-3a is then a replacement for the spectral shape
for Type S3 soils and short periods that is more consistent with spec-
tra for measured accelerations. It was introduced because it was judged
unnecessarily conservative to use Eqgq. 5-3 for modal analysis in the
case of Type 53 soils.

The effective modal gravity load given in Eq. 5-2 can be interpreted
as specifying the portion of the weight of the building that participates
in the vibration of each mode. It is noted that Eq. 5-2 gives values
of Wm that are independent of how the modes are normalized.

The final equation of this section, Eq. 5-3b, is to be used if a modal
period exceeds 4 seconds. [t can be seen that Eq. 5-3b and 5-3 coincide
at T, = 4 seconds so that the effect of using Eq. 5-3b is to provide a
more rapid decrease in Cgy as a function of the known characteristics
of earthquake response spectra at intermediate and long periods. At
intermediate periods the average velocity spectrum of strong earthquake
motions from large (magnitude 6.5 and larger) earthquakes is approxi-
mately horizontal, which implies that Cgy should decrease as 1/Ty. Equa-
tion 5-3 decreases as l/Tm2/3 for reasons discussed in Sec. 4.1 of the
Chapter 4 Commentary, and this slower rate of decrease, if extended to
very long periods, would result in an unbalanced degree of conservatism
in the modal force for very tall buildings. In addition, for very long
periods, the average displacement spectrum of strong earthquake motions
becomes horizontal which implies that Cgp, which is a form of acceler-
ation spectrum, should decay as l/Tmz. The period at which the displace-
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ment response spectrum becomes horizontal depends on the size of the
earthquake, being larger for great earthquakes, and a representative
period of 4 seconds was chosen to make the transition.

5.6 MODAL FORCES, DEFLECTIONS, AND DRIFTS

The purpose of this section is to specify the forces and displacements
associated with each of the important modes of response.

Modal forces at each level are given by Eq. 5-4 and 5-4a and are ex-
pressed in terms of the gravity load assigned to the floor, the mode

shape, and the modal base shear Vy. In applying the forces Fyy, to the
building, the direction of the forces is controlled by the algebraic ‘
sign of ¢y5. Hence, the modal forces for the fundamental mode will
all act in the same direction, but modal forces for the second and higher !
modes will change direction as one moves up the building. The form of {
Eq. 5-4 is somewhat different than usually emplioyed in standard refer- {
ences and shows clearly the relation between the modal forces and the i
modal base shear. It therefore is a convenient form for calculation f
and highlights the similarity to Eq. 4-6a in the equivalent lateral
force procedure. |

The modal deflections at each level are specified by Eq. 5-5. These
are the displacements caused by the modal forces F,q, considered as static
forces and are representative of the maximum amplitudes of modal response
for the essentially elastic motions envisioned within the concept of the
seismic response modification coefificient R. This is also a logical
point to calculate the modal drifts, which are required in Sec. 5.8.
If the mode under consideration were to dominate the earthquake response,
the modal deflection under the strongest motion contemplated by the
provisions can be estimated by multipiying by the deflection amplifica-
tion factor Cyqg. It should be noted also that é,;, is proportional to
dym and will therefore change directions up and down the structure for
the higher modes.

5.7 MODAL STORY SHEARS AND MOMENTS

This section merely specifies that the forces of Eq. 5-4 should be used
to calculate the shears and moments for each mode under consideration.
In essence, the forces from Eq. 5-4 are applied to each mass, and linear
static methods are used to calculate story shears and story overturning
moments. The base shear that .results from the calculation should check
with Eq. 5-1.

5.8 DESIGN VALUES

This section specifies the manner in which the values of story shear,
moment, and drift quantities and the deflection at each level are to be
combined. The method used, in which the design value is the square
root of the sum of the squares of the modal quantities, was selected
for its simplicity and its wide familiarity (Clough and Penzien, 1975;
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Newmark and Rosenblueth, 1971; Wiegel, 1970). In general, it gives
satisfactory results, but it is not always a conservative predictor of
the earthquake response inasmuch as more adverse combinations of modal
quantities than are given by this method of combination can happen.
The most common instance where combination by use of the square root of
the sum of the squares is unconservative occurs when two modes have
very nearly the same natural period. In this case, the responses are
highly correlated and the designer may choose to combine the modal quan-
tities more conservatively (Newmark and Rosenblueth, 1971).

This section also includes a limit to the reduction of base shear that
can be achieved by modal analysis compared to use of the equivalent
lateral force procedure. Some reduction, where it occurs, is thought
Justified because the modal analysis gives a somewhat more accurate
representation of the earthquake response. However,, it is the intent
of these provisions to limit any possiblie reduction that may occur from
the calculation of longer natural periods because the actual periods
may not be as long due to some stiffening effects of nonstructural and
architectural components even at moderately large amplitudes of motion.
The reduction in base shear is limited to that corresponding to T; ex-
ceeded T4 by 40 percent.

5.9 HORIZONTAL SHEAR DISTRIBUTION AND TORSION

This section specifies that the design story shears calculated in Sec.
5.8 and the torsional moments prescribed in Sec. 4.4 shall be distributed
to the vertical elements of the seismic resisting system as specified
in Sec. 4.4 and elaborated upon in the corresponding section of the
Chapter 4 Commentary. This is consistent with the assumption of planar
motion used in this simplified version of modal analysis and has the
intent of providing resistance against torsional response.

However, lateral and torsional motions may be strongly coupled if the
building is irregular in its plan configuration (see Sec. 3.4) or if
the building, although regular in plan and even with nearly coincident
centers of mass and resistance, has its lower natural frequencies nearly
equal. The designer should account for the effects of torsion in such
buildings in a more accurate manner using methods of modal analysis
capable of at least three degrees of freedom per floor (two translational
and one torsional). (See Sec. 3.4 of the Chapter 3 Commentary.)

5.10 FOUNDATION OVERTURNING

Because story moments are calculated mode by mode (properly recognizing
that the direction of forces Fy, is controlled by the algebraic sign
of ¢éym) and then combined to obtain the design values of story moments,
there is no reason for reducing these design moments. This is in con-
trast with reductions permitted in overturning moments calculated from
equivalent lateral forces in the analysis procedures of Chapter 4.
(See Sec. 4.5 of the Chapter 4 Commentary.) However, in the design of
the foundation, the overturning moment calculated at the foundation-soil
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interface may be reduced by 10 percent for the reasons mentioned in
Sec. 4.5 of the Chapter 4 Commentary.

5.11 P-DELTA EFFECTS

The Chapter 4 Commentary, Sec. 4.6, applies to this section. In addi-
tion, to obtain the story drifts when using the modal analysis procedure
of Chapter 5, the story drift for each mode shall be independently de-
termined in each story (Sec. 5.8). The story drift shall not be deter-
mined from the differential combined lateral building deflections since
this latter procedure will tend to mask the higher mode effects in longer
period structures.
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Chapter 6 Commentary

SOIL-STRUCTURE INTERACTION

6.1 BACKGROUND AND SCOPE
Statement of the Problem

Fundamental to the design provisions presented in Chapters 4 and 5 is
the assumption that the motion experienced by the base of a structure
during an earthquake is the same as the free-field ground motion, a
term that refers to the motion which would occur at the level of the
foundation if no structure was present. Strictly speaking, this assump-
tion is true only for structures supported on essentially rigid ground.
For structures supported on soft soil, the foundation motion is generally
different from the free-field motion and may include an important rocking
component in addition to a lateral or translational component. The
rocking component may be particularly significant for tall structures.

The flexibly supported structure differs from the rigidly supported
structure in another important respect: A substantial part of its vibra-
tional energy may be dissipated into the supporting medium by radiation
of waves and by hysteretic action in the soil. The importance of the
latter factor increases with increasing intensity of ground-shaking.
There is, of course, no counterpart of this effect of energy dissipation
in a rigidly supported structure.

The effects of soil-structure interaction accounted for in this chapter
represent the difference in the response of the structure computed by
‘assuming the motion of the foundation to be the same as the free-field
ground motion and considering the modified or actual motion of the foun-
dation.. This difference depends on the characteristics of the free~-field
ground motion as well as on the properties of the structure and the
supporting medium.

The interaction effects provided for herein should not be confused with
the so-called "site effects.” The latter effects refer to the fact
that the characteristics of the free-field ground motion induced by a
dynamic event at a given site are functions of the properties and geolog-
ical features of the subsurface soil and rock. The interaction effects,
on the other hand, refer to the fact that the dynamic response of a
structure built on that site depends, in addition, on the interrelation-
ship of the structural characteristics and the properties of the local
underlying soil deposits. The site effects are reflected in the values
of the seismic design coefficients employed in Chapters 4 and 5 and
are accounted for only implicitly in this chapter.
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Possible Approaches to the Problem

Two different approaches may be used to assess the effects of soil-struc-
ture interaction. The first involves modifying the stipulated free-field
design ground motion and evaluating the response of the given structure
to the modified motion of the foundation whereas the second involves
modifying the dynamic properties of the structure and evaluating the
response of the modified structure to the prescribed free-field ground
motion (Veletsos, 1977). When properly implemented, both approaches
lead to equivalent resuits. However, the second approach, involving
the use of the free-field ground motion, is more convenient for design
purposes and provides the basis of the provisions presented in this
chapter.

Characteristics of Interaction

The interaction effects in the approach used herein are expressed by
an increase in the fundamental natural period of the structure and a
change (usually an increase) in its effective damping. The increase in
period results from the flexibility of the foundation soil, whereas the
change in damping results mainly from the effects of energy dissipation
in the soil due to radiation and material damping.

These statements are clarified in the following paragraphs by comparing
the responses of rigidly and elastically supported systems subjected to
a harmonic excitation of the base. Consider the linear structure of
weight W, lateral stiffness k, and coefficient of viscous damping c,
shown in Figure C6-1, and assume that it is supported by a foundation of
weight W, at the surface of a homogeneous, elastic halfspace. The foun-
dation mat is idealized as a rigid circutlar plate of negligible thickness
bonded to the supporting medium, and the columns of the structure are
considered to be weightless and axially inextensible. Both the founda-
tion weight and the weight of the structure are assumed to be uniformly
distributed over circular areas of radius r. The base excitation is
specified by the free-field motion of the ground surface. This is taken
as a horizontally directed, simple harmonic motion with a period T, and
an acceleration amplitude ap.

The configuration of this system, which has three degrees of freedom when
flexibly supported and a single degree of freedom when fixed at the base,
is specified by the lateral displacement and rotation of the foundation,
y and 8, and by the displacement relative to the base of the top of the
structure, u. The system may be viewed either as the direct model of a
one-story. building frame or, more generally, as a model of a multistory,
multimode structure that responds as a single-degree-of-freedom system
in its fixed-base condition. In the latter case, h must be interpreted
as the distance from the base to the centroid of the inertia forces
associated with the fundamental mode of vibration of the fixed-base
structure and W, k, and c must be interpreted as its generalized or
effective weight, stiffness, and damping coefficient, respectively. The
relevant expressions for these quantities are given below.
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FIGURE C6-1 Simple system investigated.

The solid lines in Figures C6-2 and C6-3 represent response spectra for

the steady-state amplitude of the total shear in the columns of the
system considered in Figure C6-1. Two different values of h/r and sever-

al different values of the relative flexibility parameter for the soil
and the structure, ¢,, are considered. The latter parameter is defined
by the equation:

oo = h/vsT, (C6-1)

in which h is the height of the structure as previously indicated, vg
is the velocity of shear wave propagation in the halfspace, and T is
the fixed-base natural period of the structure. A value of ¢ = 0 corre-
sponds to a rigidly supported structure.

The results in Figures C6-2 and (C6-3 are displayed in a dimensionless
form, with the abscissa representing the ratio of the period of the
excitation, Ty, to the fixed-base natural period of the system, T, and
the ordinate representing the ratio of the amplitude of the actual base
shear, V, to the amplitude of the base shear induced in an infinitely
stiff, rigidly supported structure. The latter quantity is given by
the product maph, in which m = W/g@, g is the acceleration of gravity,
and a; is the acceleration amplitude of the free-field ground motion.
The inclined scales on the left represent the deformation amplitude of
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the superstructure, u, normal ized with respect to the displacement am-
plitude of the freefield ground motion:

dn = amTa/47°. (C6-2)

The damping of the structure in its fixed-base condition, B8, is consi-
dered to be 2 percent of the critical value, and the additional parame-
ters needed to characterize completely these solutions are identified
in Veletsos and Meek (1974), from which these figures have been repro-
duced.

Comparison of the results presented in these figures reveals that the
effects of soil-structure interaction are most strikingly reflected in
a shift of the peak of the response spectrum to the right and a change
in the magnitude of the peak. These changes, which are particularly
prominent for the taller structures and the more flexible soils (in-
creasing values of ¢5), can conveniently be expressed by an increase in
the natural period of the system over its fixed-base value and by a
change in its damping factor.

Also shown in these figures in dotted lines are response spectra for
single-degree-of-freedom (SDF) oscillators, the natural period and damp-
ing of which have been adjusted so that the absolute maximum (resonant)
value of the base shear and the associated period are in each case iden-
tical to those of the actual interacting systems. The base motion for
the replacement oscillator is considered to be the same as the free-field
ground motion. With the properties of the replacement SDF oscillator
determined in this manner, it is important to note that the response
spectra for the actual and the replacement systems are in excellent
agreement over wide ranges of the exciting period on both sides of the
resonant peak.

In the context of Fourier analysis, an earthquake motion may be viewed
as the result of superposition of harmonic motions of different periods
and amplitudes. Inasmuch as the components of the excitation with peri-
ods close to the resonant period are likely to be the dominant contribu-
tors to the response, the maximum responses of the actual system and of
the replacement oscillator can be expected to be in satisfactory agree-
ment for earthquake ground motions as well. This expectation has been
confirmed by the results of comprehensive comparative studies that have
been carried out (Veletsos, 1977; Veletsos and Meek, 1974; Veletsos and
Nair, 1975).

It follows that, to the degree of approximation involved in the represen-
tation of the actual! system by the replacement SDF oscitlator, the ef-
fects of interaction on maximum response may be expressed by an increase
in the fundamental natural period of the fixed-base system and by a
change in its damping value. In the following sestions, the natural
period of replacement oscillator will be denoted by T and the associated
damping factor will be noted by B. These quantities will also be re-
ferred to as the effective natural period and the eFFect{ge damping
factor of the interacting system. The relationships between T and T and
between B and 8 are considered in Sec. 6.2.1.A and 6.2.1.B.

119




Basis of Provisions and Assumptions

Current knowledge of the effects of soil-structure interactions is de-
rived mainly from studies of systems of the type referred to in the
preceding sections, in which the foundation is idealized as a rigid
mat. For foundations of this type, both surface-supported and embedded
structures resting on uniform as well as layered soil deposits have
been investigated (Bielak, 1975; Chopra and Gutierrez, 1974; Jennings
and Bielak, 1973; Liu and Fagel, 1971; Parmelee et al., 1969; Roesset
et al., 1973; Veletsos, 1977; Veletsos and Meek, 1974; Veletsos and
Nair, 1975). However, only a small amount of information is available
concerning the interaction effects for structures supported on spread
footings or pile foundations (Blaney et al., n.d.; Novak, 1974; Rainer,
1975b). The design provisions proposed herein for the latter cases
represent the best interpretation and judgment of the developers of the
provisions regarding the current state of knowledge. '

Fundamental to the development of these provisions is the assumption
that the structure and the underlying soil are bonded and remain so

throughout the period of ground shaking. It is further assumed that
there is no soil instability or large foundation settlements. The design

of the foundation in a manner to ensure satisfactory soil performance
(e.g., to avoid soil instability and settlement associated with the
compaction and |iquefaction of loose granular soils), is beyond the scope
of this chapter. Finally, no account is taken of the interaction effects
among neighboring structures.

Nature of Interaction Effects

Depending on the characteristics of the structure and the ground motion
under connsideration, soil-structure interaction may increase, decrease,
or have no effect on the magnitudes of the maximum forces induced in
the structure itself (Bielak, 1975; Jennings and Bielak, 1973; Veletsos,
1977; Veletsos and Meek, 1974; Veletsos and Nair, 1975). However, for
the conditions stipulated in the development of the design provisions
for rigidly supported structures presented in Chapters 4 and 5, soil-
structure interaction will reduce the design values of the base shear
and moment from the levels applicable to a rigid-base condition. There-
fore, these forces can be evaluated conservatively without the adjust-
ments recommended in this chapter.

Because of the influence of foundation rocking, however, the horizontal
displacements relative to the base of the elastically supported structure
may be larger than those of the corresponding fixed-base structure,
and this may increase both the required spacing between buildings and
the secondary design forces associated with the P-delta effects. Such
increases are generally small.

Scope

Two procedures are used to incorporate effects of the soil-structure
interaction. The first is an extension of the equivalent lateral force

——___An \
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procedure presented in Chapter 4 and involves the use of equfvalent
lateral static forces. The second fs an extension of the simplified
modal analysis procedure presented in Chapter 5. In the latter approach,
the earthquake-induced effects are expressed as a |inear combination of
terms, the number of which is equal to the number of stories involved.
Other, more complex procedures also may be used, and these are outlined
briefly at the end of this Chapter 6 Commentary. However, it is believed
that the more involved procedures are justified only for unusual build-
ings of extreme importance and only when the results of the specified
simpler approaches have revealed that the interaction effects are indeed
of definite consequence in the design.

6.2 EQUIVALENT LATERAL FORCE PROCEDURE

This procedure is similar to that used in the 1974 provisions of the
Structual Engineers Association of Calfifornia (SEAOC) except that it
incorporates several improvements (see the Chapter 4 Commentary). In
effect, the procedure considers the response of the structure in its
fundamental mode of vibration and accounts for the contributions of the
higher modes implicitly through the choice of the effective weight of
the structure and the vertical distribution of the lateral forces. The
effects of soil-structure interaction are accounted for on the assumption
that they influence only the contribution of the fundamental mode of
vibration. For building structures, this assumption has been found to
be adequate (Bielak, 1976; Jennings and Bielak, 1973; Veletsos, 1977).

6.2.1 Base Shear

With the effects of soil-structure interaction neglected, the base shear
is defined by Eq. 4-1 (Chapter 4):

V = CgW, (4-1)

in which W is the total dead weight of the building and of applicable
portions of the design live load (as specified in Sec. 4.2) and Cg5 is
the dimensionless seismic design coefficient (as defined by Eq. 4-2).

The coefficient Cg depends on the seismic zone under consideration, the
properties of the site, and the characteristics of the building itself.
The latter characteristics include the fixed-base fundamental natural
period of the structure, T; the associated damping factor, 8; and the
degree of permissible inelastic deformation. The damping factor does
not appear explicitly in Eq. 4-2, because a constant value of B8 = 0.05
has been used for all structures for which the interaction effects are
negligible. The degree of permissible inelastic action is reflected
in the choice of the reduction factor, R.

It 1s convenient to rewrite Eq. 4-1 in the form:

V = Cg(T,B) W+ Cg(T,B)[W - WI, (C6-3)




where W represents the generalized or effective weight of the structure
when vibrating in its fundamental natural mode. The terms in parentheses
are used to emphasize the fact that Cg depends upon both T and B. The
relationship between W and W is given below. The first term on the right
side of Eq. C6-3 approximates the contribution of the fundamental mode
of vibration whereas the second term approximates the contributions
of the higher natural modes.

Inasmuch as soil-structure interaction may be considered to affect only
the contribution of the fundamental mode and inasmuch as this effect
can be expressed by changes in the fundamental natural period and the
associated damping of the system, the base shear for the interacting
system, V, may be stated in a form analogous to Eq. C6-3:

V = Cg(T,B) W + Cq(T,B)[W - WI. (C6-4)

The value of Cg in the first term of this equation should be evaluated
for the natural period and damping of the elastically supported system,
T and §. respectively, and the value of C5 in the second term should be
evaluated for the corresponding quantities of the rigidly supported
system, T and B8 .

Before proceeding with the evaluation of the coefficients Cg in Eq. C6-4,
it is desirable to rewrite this formula in the same form as Eq. 6-1
(Chapter 6). Making use of Eq. 4-1 and rearranging terms, the following
expression for the reduction in the base shear is obtained:

AV = [C4(T,B) - Cg(T.B)] W. (C6-5)

Within the ranges of natural period and damping that are of interest in
studies of building response, the values of Cs corresponding to two
different damping values but the same natural period (e.g., T), are re-
lated approximately as follows:

Cs (T+B) = Cg(T,8) (B/B) "~ . (C6-6)

This expression, which appears to have been first proposed in Arias and
Husid (1962), is in good agreement with the results of recent studies
of earthquake response spectra for systems having different damping
values (Newmark et al., 1973).

Substitution of Eq. C6-6 in Eq. C6-5 leads to:
AV = [Cg (T,B) - C(T.8) (B/B)?-"] W, (C6-7)

where both values of Cg are now for the damping factor of the rigidily
supported system, and may be evaluated from Formula 4-2. I[f the values
corresponding to the periods T and T are denoted more simply as C5 and
Cs» respectively, and if the damping factor B is taken as 0.05, Eq. C6-7
reduces to Eq. 6-2 (Chapter 6).

It should be noted that Cs in Eq. 6-2 is smaller than or equal to Cg,
because Eq. 4-2 is a nonincreasing function of the natural period and i
is greater than or equal to T. Furthermore, since the minimum value of
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B is taken as 8 = B = 0.05 (see statement following Eq. 6-9), the shear
reduction AV is a non-negative quantity. It follows that the design
value of the base shear for the elastically supported structure cannot
be greater than that for the associated rigidbase structure.

The effective weight of the building, W, is defined by Egq. 5-2 (Chap-
ter 5), in which ¢;, should be interpreted as the displacement ampli-
tude of the ith Floor when the structure is vibrating in its_fixed-base
fundamental natural mode. It should be clear that the ratio W/W depends
on the detailed characteristics of the structure. A constant value of
W=0.7W is recommended in the interest of simplicity and because it is
a good approximation for typical buildings. As an example, it is noted
that for a tall building for which the weight is uniformly distributed
along the height and for which the fundamental natural mode increases
linearly from the base to the top, the exact value of W= 0.75 W. Natur-
ally, when the full weight of the structure fs concentrated at a single
level, W should be taken equal to W.

The maximum permissible reduction in base shear due to the effects of
soil-structure interaction is set at 30 percent of the value calculated
for a rigid-base condition. It is expected, however, that this limit
will control only finfrequently, and that the calculated reduction will
in most cases be less.

Effective Building Period. Equation 6-3 for the effective natural period
of the elastically supported structure, T, is determined from analyses
in which the superstructure is presumed to respond in its fixed-base
fundamental mode and the foundation weight is considered to be negligible
in comparison to the weight of the superstructure (Jennings and Bielak,
1973; Veletsos and Meek, 1974). The first term on the right side of
this formula represents the perfod of the fixed-base structure, the
second term represents the contribution to T of the translational flex-
ibility of the foundation, and the third term represents the contribu-
tion of the corresponding rocking flexibility. The quantities k and h
represent, respectively, the effective stiffness and effective height
of the structure, and Ky and Kg represent the translational and rocking
stiffnesses of the foundation.

Equation 6-4 for the structural stiffness, k, is deduced from the well-
known expression for the natural period of the fixed-base system:

T=2n Y (1/g)(W/k). (C6~8)

The effective height, h, is defined by Eq. 6-13, in which ¢j; has the
.same meaning as the quantity é;y in Eq. 5-2 (Chapter 5) when m = 1. In
the interest of simplicity and. consistency with the approximation used
in the definition of W, however, a constant value of h = 0.7 hy, is recom-

mended where h, is the total height of the structure. This value repre-
sents a good approximation for typical buildings. As an example, it is
noted that for tall buildings for which the fundamental natural mode
increases lineariy with height, the exact value of h = 2/3 h,y. Natural-
ly, when the gravity load of the structure is effectively concentrated
at a single level, h, must be taken as equal to the distance from the
base to the level of weight concentration.
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Foundation stiffnesses depend on the geometry of the foundation-sofl
contact area, the properties of the soil beneath the foundation, and
the characteristics of the foundation motion. Most of the avallable
information on this subject 1s derived from analytical studies of the
response of harmonically excited rigid circular foundations, and it is
desirable to begin with a brief review of these results.

For circular mat foundations supported at the surface of a homogeneous
halfspace, the stiffnesses K, and Kg are given by:

Ky

(8 ay)/(Z - v) Gr (C6-9)
and

Kg = [8 ag/3(1 - v)] Gr?, (C6-10)
where r {s the radius of the foundation; G is the shear modulus of the
halfspace; v is its Pofsson’s ratio; and a,, and ag are dimensionless
coefficients that depend on the period of the excitation, the dimensions
of the foundation, and the properties of the supporting medium (Luco,
1974; Veletsos and Verbic, 1974; Veletsos and Wei, 1971). The shear
modulus is related to the shear wave velocity, vg, by the formula:

2
G = yv /g, (C6-11)

in which y is the unit weight of the material. The values of G, vg,
and v should be interpreted as average values for the region of the soil
that is affected by the forces acting on the foundation and should cor-
respond to the conditions developed during the design earthquake. The
evaluation of these quantities is considered further in subsequent sec-
tions. For statically loaded foundations, the stiffness coeffic-

ients ay and ag are unity, and Eq. C6-9 and C6-10 reduce to:

Ky

8 Gr/(2 - v) (C6-12)
and
8 Gr3/3(1 - v). (C6-13)

Ke

Studies of the interaction effects in structure-soil systems have shown
that, within the ranges of parameters that are of interest for building
structures subjected to earthquakes, the results are insensitive to the
period-dependency of ay and ag and that it is sufficiently accurate for
practical purposes to use the static stiffnesses, defined by Eq. C6-12
and Cé6-13.

Foundation embedment has the effect of increasing the stiffnesses K
and Kg. For embedded foundations for which there is positive contac¥
between the side walls and the surrounding soil, Ky and Kg may be deter-
mined from the following approximate formulas:

Ky = [8 Gr/(2 - v)}[1 + (2/3)(d/r) (C6-14)
and
Kg = [8 Gr3/3(- v)I[!1 + 2(d/r) 1, (C6-15)

in which d is the depth of embedment. These formulas are based on finite
element solutions (Blaney et al., n.d.).
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Both analyses and available test data (Erden, 1974) indicate that the
effects of foundation embedment are sensitive to the condition of the
backfill and that judgment must be exercised in using Eq. Cé6-14 and
C6-15. For example, if a structure is embedded in such a way that there
is no positive contact between the soil and the walls of the structure,
or when any existing contact cannot reasonably be expected to remain
effective during the stipulated design ground motion, then the stiff-
nesses K,, and Kg should be determined from the formulas for surface-
supported foundations. More generally, the quantity d in Eq. Cé6-14 and
Cé6-15 should be interpreted as the effective depth of foundation embed-
ment for the conditions that would prevail during the design earthquake.

The formulas for K,, and Kg presented above are strictly valid only for
foundations supported on reasonably uniform soil deposits. When the
foundation rests on a stratum of soft soil underlain by a much stiffer,
rock-like deposit with an abrupt increase in stiffness, K, and Kg may
be determined from the two generalized formulas in which G is the shear
moduius of the soft soil and Dg is the total depth of the stratum.

First, using Eq. Cé-16, K, =

[8 Gr/(2 - v)I[1 + (2/3)(a/r)]1[1 + (1/2)(r/Dg)]L1 + (5/4)(d/Dg)].
Second, using Eq. C6-17, Kg =

[8 Gr3/3(1 - v)I[! + 2(d/r)][! + (1/6)(r/Dg)1[1 + 0.7(d/Dg)].

These formulas are based on analyses of a stratum supported on a rigid
base (Elsabee et al.,1977; Kausel and Roesset, 1975).

The information for circular foundations presented above may be applied
to mat foundations of arbitrary shapes provided the following changes
are made:

1. The radius r in the expressions for Ky in Eq. 6-7 (Chapter 6)
is replaced by the quantity:

rg = v Ao/",m

which represents the radius of a disk that has the area, Ay, of the
actual foundation.

2. The radius r in the expresssions for Kg in Eq. 6-8 (Chapter 6)
is replaced by the quantity:

r‘m = 3 Io/ﬂ,

which represents the radius of a disk that has the moment of inertia,
lg» of the actual foundation.

For footing foundations, the stiffnesses K,, and Kg are computed by sum-
ming the contributions-of the individual footings. |[If it is assumed
that the foundation behaves as a rigid body and that the individual
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footings are widely spaced so that they act as independent units, then
the following formulas are obtained:

Ky Zkyi (C6-18)
and

Ke

[}

2
Tkei; + Ko (C6-19)

The quantity kyi represents the horizontal stiffness of the ith footing;
kxj and kgij represent, respectively, the corresponding vertical and
rocking stiffnesses; and y; represents the normal distance from the
centroid of the ith footing to the rocking axis of the foundation. The
summations are considered to extend over all footings. The contribution
to Kg of the rocking stiffnesses of the individual footings, kgj> is
generally small and may be neglected.

The stiffnesses kyi, kyj» and kgj are defined by the formulas:

kyi = [8 Gijrgij/(2 - v)][l + 2/3 dj/rajl, (C6-20)

kej = [4 Gjrgij/(1 - v)1[l + 0.4 dij/ral, (Cé6-21)
and 3

kgi = (8 Girmi/Z(l - vl + 2 dj/rpil, (C6-22)

in which dj is the depth of effective embedment for the ith footing; G
is the shear modulus of the soil beneath the ith footing; rg; = V_KST7%
is the radius of a circulgr footing that has the area of the ith foot-
ing, Agjs and rpi equals V 4 I5i/m = the radius of a circular footing,
the moment of inertia of which about a horizontal centroidal axis is
equal to that of the ith footing, I5j, in the direction in which the
response is being evaluated.

For surface-supported footings and for embedded footings for which the
side wall contact with the soil cannot be considered to be effective
during the stipulated design ground motion, d; in these formulas should
be taken as zero. Furthermore, the values of G; should be consistent
with the stress levels expected under the footings and should be evalu-
ated with due regard for the effects of the dead loads involved. This
matter is considered further in subsequent sections.

For closely spaced footings, consideration of the coupling effects among
footings will reduce the computed value of ‘the overall foundation stiff-
nes. This reduction wlll. in turn, increase the fundamental natural
period of the system, T, and decrease the value of AV, the amount by
which the base shear is reduced due to soil-structure interaction. It
follows that the use of Eq. C6-18 and C6-19 will err on the conservative
side in this case. The degree of conservatism involved, however, will
partly be compensated by the presence of a basement slab that, even
when it is not tied to the structural frame, will increase the overall
stiffness of the foundation.

The values of K,, and Kg for pile foundations can be computed in a manner

analogous to that described in the preceding section by evaluating the
horizontal, vertical, and rocking stiffnesses of the individual piles,
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with Eq. C6-18 and C6-19. u

The individual pile stiffnesses may be determined from field tests or

analytically by treating each pile as a beam on an elastic subgrade. \
Numerous formulas are available in the literature (Nair et al., 1969) {
that express these stiffnesses in terms of the modulus of the subgrade I
reaction and the properties of the pile itself. Although they differ

in appearance, these formulas lead to practically similar results.

These stiffnesses are typically expressed in terms of the stiffness of

an equivalent freestanding cantilever, the physical properties and cross-
sectional dimensions of which are the same as those of the actual pile
but the length of which is adjusted appropriately. The effective lengths
of the equivalent cantilevers for horizontal motion and for rocking or
bending motion are slightly different but are often assumed to be e- i
qual. On the other hand, the effective length in vertical motion is '
generally considerably greater. For further details, the reader is ‘

Kyj» Kkxj» and kgj» and by combining these stiffnesses in accordance
referred to Nair et al. (1969). W

The soil properties of interest are the shear modulus, G, or the associ- h
ated shear wave velocity, vg: the unit weight, y; and Poisson’s ratio, }
v. These quantities are likely to vary from point to point of a con- w
struction site, and it is necessary to use average values for the soil }

region that is affected by the forces acting on the foundation. The
depth of significant influence is a function of the dimensions of the
foundation base and of the direction of the motion involved. The effec-
tive depth may be considered to extend to about 4 r below the foundation
base for horizontal and vertical motions and to about 1.5 ry for rocking |
motion. For mat foundations, the effective depth is related to the |
total plan dimensions of the mat whereas for buildings supported on w
widely spaced spread footings, it is retated to the dimensions of the !
individual footings. For closely spaced footings, the effective depth |
may be determined by superposition of the "pressure bulbs" induced by
the forces acting on the individual footings.

Since the stress-strain relations for soils are nonlinear, the values ‘

of G and vg also are functions of the strain levels involved. In the Il
formulas presented in the preceding sections, G should be interpreted h
as the secant shear modulus corresponding to the significant strain

level in the affected region of the foundation soil. The approximate
relationship of this modulus to the mqulus G, corresponding to small
amplitude .strains (of the order of 10 percent or less) is given in
Table 6-A (Chapter 6). The backgrounds of this relationship and of the
corresponding relationship for Vg/Vgo are identified below.

The low amplitude value of the shear modulus, Gg, can most conveniently
be determined from the associated value of the shear wave velocity,
Vso» by use of Eq. Cé6-11. The latter value may be determined approx- '
imately from empirical relations or more accurately by means of field
tests or laboratory tests.

The quantities G, and vgo depend on a large number of factors (Hardin
and Black, 1968; Hardin and Drnevich, 1972; Richart et al., n.d.), of
which the most important is the void ratio, e, and the average confining
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pressure, 50 . The value of the latter pressure at a given depth beneath
a particular building foundation may be expressed as the sum of two
terms as follows:

go = dos * Sob+ (C6-23)

in which gog represents the contribution of the weight of the soil and
dps represents the contribution of the superimposed weight of the build-
ing and foundation. The first term is defined by the formula:

dos = (1 + 2 Kg/3)y' X, (C6-24)

in which x is the depth of the soil below the ground surface, y’ is
the average effective unit weight of the soil to the depth under con-
sideration, and K, is the coefficient of horizontal earth pressure at
rest. For sands and gravel, K, has a value of 0.5 to 0.6 whereas for
soft clays, Ko =~ 1.0. The pressures opp developed by the weight of the
building can be estimated from the theory of elasticity (Poulos and
Davis, 1974). _In contrast to ogg which increases linearly with depth,
the pressures ogp decrease with depth. As already noted, the value of
Vgo Should correspond to the average value of o, in the region of the
soil that is affected by the forces acting on the foundation.

For clean sands and gravels having e < 0.80, the low-amplitude shear
wave velocity can be calculated approximately from the formula:

Veo = €] (2.17 - e)(0)°%" 25, (C6-25)
in which c| equals_78.2 when o is in Ib/ft? and vg, is in ft/sec; c
equals 160.4 when o is in kg/cm® and Vgog is in m/sec; and c| equals

51.0 when o is in kN/m? and Vgo is in m/sec.

For angular-grained cohesionless soils (e > 0.6), the following empirical
equation may be used:

Veo = Cp (2.97 - e)(9)° 2%, (C6-26)
in which cy equals_53.2 when o is in Ib/ft? and Vgo is in ft/sec; cp
equals 109.7 when o is in kg/cm? and Vgo 1S in m/sec; and cp equals
34.9 when o is in kN/m? and vgo is in m/sec.

Equation C6-26 may also be used to obtain a first-order estimate of Vso
for normally consolidated cohesive soils. A crude estimate of the shear
modulus, Gy, for such soils may also be obtained from the relationship:

Gp = 1,000 S,» (C6-27)
in which S, is the shearing strength of the soil as developed in an
unconfined compression test. The coefficient 1,000 represents a typical
value, which varied from 250 to about 2,500 for tests on different soils
(Hara et al., 1974; Hardin and Drnevich, 1972).

These empirical relations may be used to obtain preliminary, order-of-
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magnitude estimates. For more accurate evaluations, field and/or labora-
tory determinations may be required.

Field evaluations of the variations of vg, throughout the construction
site can be carried out by standard seismic refraction methods or by
the cross-hole method. The cross-hole method (Baliard and McLean, 1975;
Stokoe and Woods, 1972) provides information from undisturbed soils
below the proposed location of a particular building foundation. The
method permits evaluation of vg, in layered soils and is not affected
by the presence of water in the soil. The low-amplitude procedure is
relatively inexpensive and easy to use. The disadvantage of this method
is that vgo is determined only for the stress conditions existing at
the time of the test (usually ogg9). The effect of the changes in the
stress conditions caused by construction must be considered by use of
Eq. C6-23 and Eq. C6-25 or C6-26 to adjust the field measurement of vgq
to correspond to the prototype situations. The influence of large-ampli-
tude shearing strains may be evaluated from laboratory tests or approx-
imated through the use of Table 6-A (Chapter 6). This matter is con-
sidered further in the next two sections.

Laboratory tests to evaluate vgg are usually carried out with resonant
column devices (Richart et al., n.d.). Such tests may be used to assess
the effects of changes in confining pressures, shearing strain ampli-
tudes, stress histories, temperature, and other variables. Consequently,
they can easily simulate variations in prototype loading conditions.
They are particularty useful in establishing the effects of changes in
confining pressures. In fact, Eq. C6-25 and C6-26 were developed from
the results of such tests.

An increase in the shearing strain amplitude is associated with a reduc-
tion in the secant shear modulus, G, and the corresponding value of
vg. Extensive laboratory tests (see, for example, Anderson and Richart,
1976; Hardin and Drnevich, 1972; Kuribayaski et al., 1974) have estab-
lished the magnitudes of the reductions in vg for both sands and clays
as the shearing strain amplitude increases.

The resulits of such tests form the basis for the information presented
in Table 6-A (Chapter 6). For each severity of anticipated ground shak-
ing, represented by the effective peak acceleration coefficients A5 and
Ay, a representative value of shearing strain amplitude was developed.
Then a conservative value of vg/vgy Was established that is appropriate
to that strain amplitude. It should be emphasized that the values in
Table 6-A are first order approximations. More precise evaluations
would require laboratory tests on undisturbed samples from the site and
studies of wave propagation for the site to determine the magnitude
of the soil strains induced.

It is satisfactory to assume Poisson’s ratio for soils as: v = 0.33
for clean sands and gravels, v = 0.40 for stiff clays and cohesive soils,
and v = 0.45 for soft clays. The use of an average value of v = 0.4
also will be adequate for practical purposes.

Regarding an alternative approach, note that Eq. 6-5 (Chapter 6) for
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the period T of buildings supported on mat foundations was deduced from
Eq. 6-3 by making use of Eq. C6-12 and Cé6-13, with Poisson’s ratio taken

as v = 0.4 and with the radius r interpreted as ry in Eq. C6-12 and as |
rm in Eq. C6-13. For a nearly square foundation, for which rg = rn =r,
Eq. 6-5 reduces to:

~ - 2_2 -
T=T V[[l + 25 a (rh/vsT )I[1 + (1.12 h/r)?]. (C6-28)

The value of the relative weight parameter, a, is likely to be in the
neighborhood of 0.15 for typical buildings.

Effective Damping. Equation 6-9 for the overall damping factor of the
elastically supported structure, 8, was determined from analyses of the
harmonic response at resonance of simple systems of the type considered
in Figures C6-2 and C6-3. The result is an expression of the form (Bi-
elak, 1975; Veletsos and Nair, 1975): {

B = Bg + 8/(T/T)3, (C6-29)

in which By represents the contribution of the foundation damping, con-
sidered in greater detail in the following paragraphs, and the second
term represents the contribution of the structural damping. The latter
damping is assumed to be of the viscous type. Equation 6-9 corresponds
to the value of 8 = 0.05 used in the development of the response spectra
for rigidly supported systems employed in Chapter 4.

The foundation damping factor, B, incorporates the effects of energy
dissipation in the soil due to the following sources: the radiation of
waves away from the foundation, known as radiation or geometric damp-
ing, .-and the hysteretic or inelastic action in the soil, also known as
soil material damping. This factor depends on the geometry of the foun-
dation-soil contact area and on the properties of the structure and the
underlying soil deposits.

For mat foundations of circular plan that are supported at the surface
of reasonably uniform soils deposits, the three most important parameters
which affect the value of B, are: the ratio T/T of the fundamental
natural periods of the elastically supported and the fixed-base struc-
tures, the ratio h/r of the effective height of the structure to the
radius of the foundation, and the damping capacity of the soil. The
latter capacity is measured by the dimensionless ratio AWg/Wg, 1n which
AWg is the area of the hysteresis loop in the stress-strain diagram
for a soil specimen undergoing harmonic shearing deformation and Wg is
the strain energy stored in a linearly elastic material subjected to
the same maximum stress and strain (i.e., the area of the triangle in
the stress-strain diagram between the origin and the point of the maximum
induced stress and strain). This ratio is a function of the magnitude
of the i{mposed peak strain, increasing with increasing intensity of
excitation or level or strain.

The variation of By with T/T and h/r is given in Figure 6-1 (Chapter 6)
for two levels of excitation. The dashed lines, which are recommended
for values of the effective ground acceleration coefficient, A,, equal
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to or less than 0.10, correspond to a value of AWg/Wg = 0.3, whereas
the solid lines, which are recommended for A, values equal to or greater
than 0.20, correspond to a value of AWg/Wg = |. These curves are based
on the results of extensive parametric studies (Veletsos, 1977; Veletsos
and Meek, 1974; Veletsos and Nair, 1975) and represent average values.
For the ranges of parameters that are of interest in practice, however,
the dispersion of the results is small.

for mat foundations of arbitrary shape, the quantity r in Figure 6-1
should be interpreted as a characteristic length that is related to
the length of the foundation, Lo, in the direction in which the struc-
ture is being analyzed. For short, squatty structures for which h/L,
¢ 0.5, the overall damping of the structure-foundation system is domi-
nated by the transiational action of the foundation, and it is reasonable
to interpret r as ri, the radius of a disk that has the same area as
that of the actual foundation (see Eq. 6-7). On the other hand, for
structures with h/Lg 2 I, the interaction effects are dominated by the
rocking motion of the foundation, and it is reasonable to define r as
the radius rp of a disk whose static moment of inertia about a horizontal
centroidal axis is the same as that of the actual foundation normal to
the direction in which the structure is being analyzed (see Eq. 6-8).

Subject to the gualifications noted in the following section, the curves
in Figure 6-1 also may be used for embedded mat foundations and for
foundations involving spread footings or piles. In the latter cases,
the quantities Ag and Iy in the expressions for the characteristic foun-
dation length, r, should be interpreted as the area and the moment of
inertia of the load-carrying foundation.

In the evaluation of the overall damping of the structure-foundation
system, no distinction has been made between surface-supported founda-
tions and embedded foundations. ©Since the effect of embedment is to
increase the damping capacity of the foundation (Bielak, 1975; Novak,
1974; Novak and Beredugo, 1972) and since such an increase is associated
with a reduction in the magnitude of the forces induced in the structure,
the use of the recommended provisions for embedded structures will err
on the conservative side.

There is one additional source of conservatism in the application of
the recommended provisions to buildings with embedded foundations. It
results from the assumption that the free-field ground motion at the
foundation level is independent of the depth of foundation embedment.
Actually, there is evidence to the effect that the severity of the free-
field excitation decreases with depth (Seed et al., 1977). This reduc-
tion is fignored both in Chapter 6 and in the provisions for rigidly
supported structures presented in Chapters 4 and 5.

Equations 6-9 and C6-29, in combination with the information presented
in Figure 6-1, may lead to damping factors for the structure-soil sys-—
tem, B8, that are smaller than the structural damping factor, 8. How-
ever, since the representative value of B8 = 0.05 used in the develop-
ment of the design provisions for rigidly supported structures is based
on the results of tests on actual buildings, it refiects the damping of
the full structure-soil system, not merely of the component contributed
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by the superstructure. Thus, the value of B determined from Eq. 6-9
should never be taken less than B, and a low bound of B = B = 0.05 has
been imposed. The use of values of B > B is Jjustified by the fact that
the experimental values correspond to extremely small-amplitude motions
and do not reflect the effects of the higher soil damping capacities
corresponding to the large soil strain levels associated with the design
ground motions. The effects of the higher soil damping capacities are
appropriately reflected in the values of B, presented in Figure 6-1.

There are, however, some exceptions. For foundations involving a soft
soil stratum of reasonably uniform properties underlain by a much stif-
fer, rock-like material with an abrupt increase in stiffness, the radi-
ation damping effects are practically negligible when the natural period
of vibration of the stratum in shear,

TS = 4 DS/VS' (C6—30)

is smaller than the natural period of the flexibly supported structure,
T. The quantity Dg in this formula represents the depth of the stratum.
It follows that the values of By presented in Figure 6-1 are applicablie
only when:

~

4 Dg/vsT 2 1. (C6-31)

Tg/T

For

Ts/T 4 Ds/VsT ( ll (C6_32)
the effective value of the foundation damping factor, B5, is less than

Bor and it is approximated by the second degree parabola defined by
Eq. 6-10 (Chapter 6).

For Ts/f = 1, Eq. 6-10 leads to B5 = Bg whereas for Ts/f =0, it leads
to B4 = 0, a value that clearly does not provide for the effects of
material soil damping. It may be expected, therefore, that the com-
puted values of B4 corresponding to small values of Tg/T will be conser-
vative. The conservatism involved, however, is partly compensated by
the requirement that B be no less than 8 = B = 0.05.

6.2.2-6.2.3 Vertical Distribution of Seismic Forces and Other Effects

The vertical distributions of the equivient lateral forces for flexibly
and rigidly supported structures are generally different. However, the
differences are inconsequential for practical purposes, and it is recom-
mended that the same distribution be used in both cases, changing only
the magnitude of the forces to correspond to the appropriate base shear.
A greater degree of refinement in this step would be inconsistent with
the approximations embodied in the provisions for rigidly supported
structures.

With the vertical distribution of the lateral forces established, the

overturning moments and the torsional effects about a vertical axis are
computed as for rigidly supported structures.
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Equation 6-11 for the lateral floor displacements relative to the base
is similar to that specified for rigidly supported structures except

that it includes the contribution of the foundation rotation 65. This
rotation is defined by the equation:

8o = Mo/Kg = (V/V) (My/Kg), (C6-33)

in which ﬁo is the overturning moment at the base of the fixed-base
structure computed from the modified or reduced seismic forces and Mg
is the corresponding moment computed from the unmodified forces. The
latter moment should not include the reduction permitted in the design
of the foundation. The quantity &84 in Eq. 6-11 represents the deflec-
tion at level hy computed in accordance with the provisions of Chapter
4 using the unmodified seismic forces.

Story drifts and P-delta effects should be evaluated as for structures
without interaction using the displacements that include the contribu-
tion of the foundation rotation.

6.3 MODAL ANALYSIS PROCEDURE

Studies of the dynamic response of elastically supported multi-degree-
of-freedom systems (Bielak, 1976; Chopra and Gutierrez, 1974; Veletsos,
1977) reveal that, within the ranges of parameters that are of interest
in the design of building structures subjected to earthquakes, soil-
structure interaction affects substantially only the response component
contributed by the fundamental mode of vibration of the superstructure.
In the design provisions presented in this section, the interaction ef-
fects are considered only in evaluating the contribution of the funda-
mental structural mode. The contributions of the higher modes are com-
puted as if the structure were fixed at the base, and the maximum value
of a response quantity is determined, as for rigidly supported struc-
tures, by taking the square root of the sum of the squares of the maximum
modal contributions.

The interaction effects associated with the response in the fundamental
structural mode are determined in a manner analogous to that used in
the analysis of the equivaient lateral force method, except that the
effective weight and effective height of the structure are computed so
as to correspond exactly to those of the fundamental natural mode of
the fixed-base structure. More specifically, W is computed from:

W= W= (5 wii))?/E wist), (C6-34)

which is the same as Eq. 5-2 (Chapter 5), and h is computed from Eq. 6-
13. The quantity ¢;; in these formulas represents the displacement
amplitude of the ith fioor level when the structure is vibrating in its
fixed-base fundamental natural mode._ The structural stiffness, k, is
obtained from Eq. 6~4 by taking W = W| and using for T the fundamental
natural period of the fixed-base structure, T;. The fundamental natural
period of the interacting system, T), is then computed from Eq. 6-3 (or
Eq. 6-5 when applicable) by taking T = T;. The effective damping in
the first mode, B, is determined from Eq. 6-9 (and Eq. 6-10 when applic-
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able)_in combination with the information given in Figure 6-1. The quan-
tity h in the latter figure is computed from Eq. 6-13.

With the values of 7] and §| established, the reduction in the base
shear for the first mode, AV;, is computed from Eg. 6-2. The quantities
Cs and Cs in this formula should be interpreted as the seismic_coeffi-
cients corresponding to the periods T; and T|. respectively; g should
be taken equal to B|. and W should be determined from Eq. C6-34.

The sections of the recommended provisions on lateral forces, shears,
overturning moments, and displacements follow directly from what has
already been noted in this and the preceding sections and need no ela-
boration. It may only be pointed out that the first term on the right
side of Eq. 6-15 represents the contribution of the foundation rotation.

OTHER METHODS OF CONSIDERING THE EFFECTS OF SOIL-STRUCTURE INTERACTION

The procedures proposed in the preceding sections for incorporating the
effects of soil-structure interaction provide sufficient flexibility
and accuracy for practical applications. Only for unusual structures of
major importance, and only when the recommended provisions indicate
that the interaction effects are of definite consequence in design,
would the use of more elaborate procedures be Jjustified.

Following are some of the refinements that are possible, listed in order
of more or less increasing compliexity:

1. Improve the estimates of the static stiffnesses of the founda-
tion, Ky and Kg, and of the foundation damping factor, By, by consi-
dering in a more precise manner the foundation type involved, the effects
of foundation embedment, variations of soil properties with depth, and
hysteretic action in the soil. Solutions may be obtained in some cases
with analytical or semi-analytical formuiations and in others by applica-
tion of finite difference or finite element techniques (Blaney et al.,
1974; Luco, 1974; Novak, 1974; Veletsos and Verbic, 1973). It should be
noted, however, that these solutions involve approximations of their
own that may offset, at least in part, the apparent increase in accuracy.

2. Improve the estimates of the average properties of the founda-
tion soils for the stipulated design ground motion. This would require
both laboratory tests on undisturbed samples from the site and studies
of wave propagation for the site. The laboratory tests are needed to
establish the actual variations with shearing strain amplitude of the
shear modulus and damping capacity of the soil, whereas the wave propa-
gation studies are needed to establish realistic values for the predomi-
nant soil strains induced by the design ground motion.

3. Incorporate the effects of interaction for the higher modes of
vibration of the structure, either approximately by application of the
procedures recommended in Bielak (1976), Roesset et al. (1973), and
Tsai (1974) or by more precise analyses of the structure-soil system.
The latter analyses may be implemented either in the time domain by
application of the impulse response functions presented in Veletsos and.
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Verbic (1974). However, the frequency domain analysis is limited to
systems that respond within the elastic range while the approach in-
volving the use of the impulse response functions is limited, at present,
to soil deposits that can adequately be represented as a uniform elastic
halfspace. The effects of yielding in the structure and/or supporting
medium can be considered only approximately in this approach by repre-
senting the supporting medium by a series of springs and dashpots whose
properties are indepedent of the frequency of the motion and by inte-
grating numerically the governing equations of motion (Parmelee et al.,
1969).

4, Analyze the structure-soil system by finite element method
(Seed et al., 1974 and 1977; Vaish and Chopra, 1974), taking due account
of the nonlinear effects in both the structure and the supporting medium.

It should be emphasized that, while they may be appropriate in special
cases for design verification, the more elaborate methods referred to
above involve their own approximations and do not eliminate the uncer-
tainties that are inherent in the modeling of the structure-foundation-
soil system and in the specification of the design ground motion and
of the properties of the structure and soil.
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Chapter 7 Commentary

FOUNDATION DESIGN REQUIREMENTS

7.1 GENERAL

The minimum foundation design requirements that might be suitable where
even minimal consideration must be given to earthquake resistance are
set forth in Chapter 7. It is difficult to separate foundation require-
ments for minimal earthquake resistance from the requirements for resist-
ing normal vertical loads. In order to have a minimum base from which
to start, this chapter assumes compliance with all basic requirements
necessary to provide support for vertical loads and lateral loads other
than earthquake. These basic requirements incliude, but are not limited
to, provisions for extent of investigation needed to establish criteria
for fills, slope stability, expansive soils, allowable soil pressures,
footings for specialized construction, drainage, settlement control,
and pile requirements and capacities. Certain detail requirements and
the allowable stresses to be used are provided in other chapters of the
provisions as are the additional requirements to be used in more seis-
mically active locations.

7.2 STRENGTH OF COMPONENTS AND FOUNDATIONS

The resisting capacities of the foundations shall meet the provisions
of Chapter 7.

7.2.1 Structural Materials

The strength of foundation components subjected to seismic forces alone
or in combination with other prescribed loads and their detailing re-
quirements shall be as determined in Chapters 9, 10, 11, or 12.

7.2.2 Soil Capacities

This section provides that the building foundation without seismic forces
applied must be adeguate to support the building gravity load. When
seismic effects are considered, the soil capacities can be increased

considering the short time of loading and the dynamic properties of the
soil.
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7.3 SEISMIC PERFORMANCE CATEGORY A

There are no special seismic provisions for the design of foundations
for buildings assigned to Category A.

7.4 SEISHMIC PERFORMANCE CATEGORY B

Extra precautions are required for the seismic design of foundations
for buildings assigned to Category B.

7.4.1 Investigation

The Regulatory Agency may require a formal foundation investigation and
a written report. Potential site hazards such as slope instability,
liquefaction, and surface rupture due to faulting or lurching as a resuit
of earthquake motions should be investigated when the Regulatory Agency
feels the size and importance of the project so warrants or when there
may be reason to suspect such potential hazards. Suggested procedures
for evaluation of liquefaction potential are given below.

There are basically two methods available for evaluating the cyclic
liqguefaction potential of a deposit of saturated sand subjected to earth-
quake shaking: -

1. Using methods based on field observations of the performance
of sand deposits in previous earthquakes and involving the use of some
in-situ characteristic of the deposits to determine probable similarities
or dissimilarities between those sites and a proposed new site with
regard to their potential behavior.

2. Using methods based on an evaluation of the cyclic stress condi-
tions likely to be developed in the field by a selected design earthquake
and a comparison of these stresses with those observed to cause |iquefac-
tion of representative sampies of the deposit in some appropriate labora-
tory test that provides an adequate simulation of field conditions or
that can provide results permitting an assessment of the soil behavior
under field conditions.

These are often considered to be quite different approaches since the
first method is based on empirical correlations of field conditions and
performance while the second method is based entirely on an analysis
of stress conditions and the use of laboratory testing procedures.

In fact, however, because of the manner in which field performance data
are usually expressed, the two methods involve the same basic approach
and differ only in the manner in which the field ligquefaction character-
istics are determined.

Thus, for example, it has been found that the most convenient parameter
for expressing the cyclic liquefaction characteristics of a sand under
levei ground conditions is the cyclic stress ratio (i.e., the ratio of
the average cyclic shear stress 1, developed on horizontal surfaces of
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the sand as a result of the cyclic or earthguake loading to the initial
vertical effective stress oy acting on the sand layer before the cyclic
stresses were applied). This parameter has the advantage of taking
into account the depth of the soil layer involved, the depth of the
watertable, and the intensity of earthquake shaking or other loading
phenomenon.

The cyclic stress ratio developed in the field due to earthquake shaking
can readily be computed from an equation of the form (Seed and Idress,
1971):

(1) av/gg = 0.65 (amax/9)(9g/06) (rg), (C7-1)

where apg, = maximum acceleration at the ground surface (a value that
may be taken to be equal to the effective peak acceleration in any zone),
0go = total overburden pressure on sand layer under consolidation, o5 =
initial effective overburden pressure on sand layer under consideration,
rq = @ stress reduction factor varying from a value of | at the ground
surface to a value of 0.9 at a depth of about 30 ft, and values of this
parameter have been correlated, for sites which have and have not |ique-
fied, with parameters such as relative density based on penetration
test data (Seed and Peacock, 1971) or some form of corrected penetration
resistance (Seed et al., 1975; Castro, 1975). The latest form of this
type of correlation (Seed, 1976) is shown in Figure C7-1. In this form
of presentation N; is the measured penetration resistance of the sand
corrected to an effective overburden pressure of | ton/ft?, based on
the results of Gibbs and Holtz (1958) and Bieganousky and Marcuson (1976a
and b) using the relationship:

Np = (Cy)(N), (C7-2)

where Cy is a function of the effective overburden pressure and may be
determined from the chart shown in Figure C7-1 (Seed et al., 1977).
Thus, for any given site and a given value of maximum ground surface
acceleration, the average stress ratio developed during the earthquake
(tp)ay/05 can readily be determined from Eq. C7-1 and compared with the
value of (th)ay/os at which liquefaction can be expected to occur as
determined from Figure C7-2 for the appropriate magnitude of the earth-
quake causing ground motions at the site. Use of this procedure may be
considered satisfactory for sand deposits to a depth of 40 feet. Alter-
natively, the value of (tp)gy/05 required to cause liquefaction of the
soil at any site may be determined by laboratory tests on samples of
the soil involved, the test conditions being chosen to simulate as close-
ly as possible the envirqnmental conditions (e.g., soil condition, over-
burden pressure) existing in the field.

In utilizing the empirical field correlation approach or the laboratory
testing approach, therefore, the procedure followed is the same, differ-
ing only on whether the cyclic stress ratio required to cause liquefac-
tion in the field is determined by:
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1. A correlation between cyclic stress ratios known to have caused
liquefaction in previous earthquakes and some significant soil charac-
teristic or

2. An appropriate laboratory determination of the cyclic stress
ratio required to cause cyclic liquefaction of the in-situ deposit. When
this procedure is used the appropriate number of stress cycles to be
used in the test should be determined.

In both cases a factor of safety against liquefaction can be determined
by comparing the stress ratio required to cause cyclic liquefaction
with that induced by the design earthquake. In general, where field
correlations are used a factor of safety of at least 1.5 should be
required to establish the safety of a soil against liquefaction, but if
detailed laboratory tests are used in conjunction with field data, the
factor of safety may be reduced to 1.3.

7.4.2 Pole-Type Structures

The use of pole-type structures is permitted.

7.4.3 foundation Ties

One of the prerequisites of adequate performance of a building during
an earthguake is the provision of a foundation that acts as a unit and
does not permit one column or wall to move appreciably with respect to
another. A common method used to attain this is to provide ties between
footings and pile caps. This is especially necessary where the surface
soils are soft enough to require the use of piles or caissons. There-
fore, the pile caps or caissons are tied together with nominal ties
capable of carrying, in tension or compression, a force equal to A,/4
times the larger pile cap or column load.

A common practice in some multistory buildings is to have major columns
run the full height of the building and then be separated by smaller
columns in the basement that support only the first floor sliab. The
coefficient applies to the heaviest column load.

Alternate methods of tying foundations together are permitted (e.g.,
using a properly reinforced floor slab that can take both tension and
compression). Lateral soil pressure on pile caps is not a recommended
method because the motion is imparted from soil to structure (not -in-
versely as is commonly assumed), and if the soil is soft enough to re-
quire ties, little reliance can be placed on soft-soil passive pressure
to restrain relative displacement under dynamic conditions.

If the piles are supporting structures in the air or over water (e.g.,
in a wharf or pier), batter piles may be required to provide stability
or the piles must be designed to provide bending capacity for lateral
stability. Hence, it is up to the foundation engineer to determine the
fluidity or viscosity of the soil to the point where lateral buckling
support cannot be provided or where the flow of the soil around the
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piles may be negligible and provisions for stability are needed. In
the ordinary pile-supported building, this is a major reason for the
piles and footings to be interconnected so that they act as a unit.

7.4.4 Special Pile Requirements

Special regquirements for concrete or composite concrete and steel piles
are given in this section. The piles must be connected to the pile
caps with dowels.

Whereas unreinforced concrete piles may be in common use in certain
areas of the country, their brittle nature when trying to conform to
ground deformations makes their use in earthguake-resistant design unde-
sirable. Nominal longitudinal reinforcing is specified to reduce this
hazard. The reinforcing steel should be extended into the footing to
tie elements together and to assit in load transfer at the top of pile
to the pile cap. Experience has shown that concrete piles tend to hinge
or shatter immediately below the pile cap so tie spacing is reduced in
this area to better contain the concrete. In the case of the metal-cased
pile, it is assumed that the metal casing provides containment and also
a nominal amount of longitudinal reinforcement in the lower portion of
the pile.

Bending stresses in piles caused by transfer of seismic motions from
ground to structure need not be considered unless the foundation engineer
determines that it is necessary. It has been a convenient analytical
assumption to assume that earthquake forces originate in the building
and are transmitted into and resisted by the ground. Actually the force
or motion comes from the ground--not the structure, as is conveniently
assumed for purposes of computation. This makes the necessity of inter-
connecting footings more important, but what is desired is stability--not
the introduction of forces.

Possibly the simplest illustration is shown in Figure C7-3. Consider a
small structure subjected to an external force such as wind; the piles
must resist that force in lateral pressure on the iee side of the piles.
However, if the structure is forced to move during an earthquake, the
wave motion is transmitted through the firmer soils, causing the looser
soils at the surface and the building to move. Ffor most structures,
the structure weight is negligible in comparison to the weight of the

surrounding surface soils. [f an unloaded pile were placed in the soil,
it would be forced to bend just the same as a pile supporting a building.

The primary requirement is stability, and this is best provided by piles
that can support their loads while still conforming to the ground mo-
tions, hence the need for ductility.

7.5 SEISMIC PERFORMANCE CATEGORY C

For Category C construction, all the preceding provisions for Categories

A and B apply for the foundations, but the earthquake detailing is more
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severe and demanding. Adequate pile ductility is required and provision
must be made for additional reinforcing to assure, as a minimum, full
ductility in the upper portions of the pile.

7.5.1 Investigation

While the normal pressures on basement walls and retaining walls under
normal or static conditions may be assumed to be predictable, the data
for loads on walls during earthquakes are meager. Analyses based on
the normal assumptions indicate rather high pressures, but general exper-

ience in earthquakes indicates that failures have not usually resulted.
There is evidence, however, that under some conditions, especially in
softer soils, these high pressures may be justified. Consequently, after
considering the size and importance of the project and the particular
soil conditions, it is left for the foundation engineer to determine
the design lateral pressure under dynamic conditions. !

7.5.2 Foundation Ties

The additional requirement is made that spread footings should be inter-
connected by ties. The reasoning explained above under Sec. 7.4.3 also
applies here.

7.5.3 Special Pile Requirements

Additional pite reinforcing over that specifiiied for Category B build-
ings is required. The reasoning explained above under Sec. 7.4.4 also
applies here.

7.6 SEISHMIC PERFORMANCE CATEGORY D

Foundations for buildings assigned to Category D have one additional
requirement over those specified for Category C: precast-prestressed
piles shall not be used to resist flexure caused by earthquake motions.
At the present time, there is little or no information available on the
ductility capacity of precast-prestressed piles; in fact, the type of
reinforcing provided is counter to present ¢oncepts of concrete ductility
development. Hence, until further data are available, they should not
be used in situationss where pile bending may be induced by earthquake
motions.
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Chapter 8 Commentary
ARCHITECTURAL, MECHANICAL, AND ELECTRICAL COMPONENTS

BACKGROUND TO ARCHITECTURAL CONSIDERATIONS

The primary intent was to investigate and develop seismic design stan-
dards for the performance of the architectural systems and components
of a building as they affect life safety. This Chapter 8 Commentary
discusses the general attitudes and concepts adopted in approaching the
subject. Of secondary but still critical importance was the examination
of the damage control aspects of those critical facilities most necessary
for the survival and recovery of the general public immeidately following
a major earthquake.

A methodology was devised to relate the following three basic items:

1. Architectural Components--An orderly classification was estab-
lished for architectural components and systems that encompasses broad
general areas but is definitive enough to give guidance for similar
conditions not specifically spelled out or covered.

2. Occupancy Classification—--Current building code occupancy class-
ifications are based primarily on fire safety and as such do not neces-
sarily or appropriately relate to seismic needs. Accordingly, provisions
were developed to relate occupancy classification to the respective
hazards of their seismic exposure. See the Chapter 1 Commentary, Sec.
1.4.2 (Seismic Hazard Exposure Groups), for a detailed explanation.

3. Performance Standards--It was deemed desirable to develop per-
formance standards and not rely on mathematical coefficients as has
been the norm in standards of this type. For example, the design of a
suspended ceiling in a hospital should have a higher level of performance
capability than the same system in a warehouse in order to provide for
life safety and maintenance of operability. On the other hand, for cer-
tain systems or components such as exterior wall panels, the concern for
life safety requires similar performance of the system regardless of the
occupancy involved. However, this objective could not be fulfilled and
the end result is similar to the traditional approach using numerical
factors.

The objective was to study the effects of seismically induced forces
and deformations on the nonstructural (specifically, architectural)
components in all types of building uses. Appropriate guidelines and
design provisions for architectural systems and components were to be
developed from a life safety standpoint. Each architectural component
was to be examined as a function of expected performance, building occu-
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pancy and function, and its placement or location as a component of \
the- building system. Finally, consideration was to be given to the
architectural planning and design process as a means of improving the
man-built environment from a life-safety standpoint relative to seismic
hazards.

The building designer has a responsibility to consider the relative
levels of damage experienced by a building during an earthquake. These
levels are a direct function of:

1. The architectural concept as expressed by the design of the
building,

2. The resistance of the materials of construction, and

3. The intensity of the ground motion.

The initial overall architectural concept has a direct bearing on the |
seismic resistance of a building and a considerable effect on the poten-
tial mitigation of hazards resulting from seismic forces. For the archi- *
tect, certain principles and responsibilities hold just as true in de-
signing systems and components for earthaquake-resistant buildings as in
the creation of any functional object. The designer, in addition to
conceiving a rational design concept of the total building for seismic
loading, must articulate all components into a logical system integrated
as a unit rather than as a series of unconnected parts.

Architectural systems may be affected directly by the seismic forces or
indirectly by interaction with the structural framing system or other
architectural or mechanical and electrical systems. Fabrication methods
used to connect the component parts to the structure or to each other
are therefore as critical as the preliminary design. Connection details
require specific attention since a dislodged roofing tile unit falling
from a building could be as lethal to an individual as the failure of a
primary girder. The life safety aspect of falling building debris as-
sociated with earthquake damage is related to a series of variables
that include:

l. The relationship of the location of the earthquake with respect
to densely populated urban centers,

2. .The time of day (number of peoplie in the area), and

3. The design and construction characteristics of the building
occupied by or immediately adjacent to people.

Depending on the time of day and the resultant amount of activity without
and within the building, falling debris from the building may cause as
great a number of casualties to pedestrians or motorists as to building
occupants. It was with such potential exterior hazards in mind that
the City of Los Angeles enacted a "parapet ordinance” in 1949 that re-
quires the strengthening or removal of hazardous parapets and appen-
dages to buildings. The potential hazard was demonstrated during the
1971 San Fernando earthguake when the only fatality in the City of Los
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Angeles occurred when a pedestrian was struck by debris from a collapsing
parapet of an old building in downtown Los Angeles approximately 20
miles from San Fernando.

BACKGROUND TO MECHANICAL AND ELECTRICAL CONSIDERATIONS

The objective was to develop seismic criteria for the design and con-
struction of mechanical and electrical systems and equipment and their
attachments to the building structure so as to increase the protection
of life and public welfare. A secondary objective was to define an
acceptable level of damage. In so doing, consideration was given to
the occupancy and function of the building.

Traditionally, mechanical and electrical systems for buildings have
been designed with little, if any, regard to stability when subjected
to seismic forces. Exceptions are to be found in nuclear power plant
design and other special-purpose and high-risk structures. Equipment
supports have been generally designed for gravity loads only, and attach-
ments to the structure itself were often deliberately designed to be
flexible to allow for vibration isolation or thermal expansion.

Few building codes, even in regions with a history of seismic activity,
have contained provisions governing the behavior of mechanical and elec-
trical systems. One of the earliest references to seismic bracing can
be found in NFPA Pamphlet 13, Sprinkler Systems. This pamphlet has
been updated periodically since 1876, and seismic bracing requirements
have been included since about 1940. Until recently, few data were
available regarding damage to mechanical and electrical equipment.
Reports on the Alaskan earthquake of March 17, 1964, and the San Fernando
earthquake of February 9, 1971, document damage to mechanical and elec-
trical systems and highlight the problem (Ayres et al., 1964 and 1972;
Sharpe et al., 1972). These reports indicate that buildings that sus-
tained only minor structural damage became uninhabitable due to failures
of mechanical and electrical systems.

As a result of the San Fernando earthquake, in 1972 legislation was
passed in California (SB 519, 1972) establishing seismic criteria for
the construction of health care facilities. This bill, which was in
essence an extension of the California Field Act (California State Educa-
tion Code) to health care facilities, included for the first time seismic
requirements for mechanical and electrical equipment and systems. The
resulting regulations (California Administrative Code) apply to all
health care facilities constructed in the state after April 1, 1974.
The basic philosophy underlying the intent of the law is that the facil-
ities must "be completely functional to perform all necessary services
to the public after a disaster."” The regulations require that mechanical
and electrical systems be anchored so as to-remain in place and be de-
signed to remain operable after an earthquake. Another example of a
code that was changed to include requirements for mechanical and elec-
trical equipment is the April 1973 edition of the U.S. Department of
Defense Tri-Service Seismic Design Manual (1973). This document was
used in the development of the amplification factor used in the provi-
sions of Chapter 8.

151




In assessing the level of "acceptable damage," secondary effects were
considered to a limited extent. Fires and explosions resuiting from
damaged mechanical and electrical equipment represent secondary effects
of earthquakes; these were not considered, however, except as covered
under Sec. 8.3.5. Further, the potential danger of secondary damage
from falling architectural and structural components (which could in-
flict major damage to adjacent equipment and render it unusable) should
be carefully assessed by buflding designers.

These secondary effects can represent a considerable hazard to the build-
ing, its occupants, and its contents. Steam and hot water boilers and
other pressure vessels can release fluids at hazardous temperatures.
Hot water boilers operating above 212 oF in particular represent a hazard
since the sudden decrease in pressure caused by a rupture of the vessel
can result in instantaneous conversion of superheated hot water to steam
with explosive disintegration of the remainder of the vessel. Mechanical
systems often include piping systems filled with flammable, toxic, or
noxious substances such as ammonia or other refrigerants. Some of the
nontoxic halogen refrigerants used in air conditioning apparatus can be
converted to a poisonous gas (phosgene) upon contact with open flame.
Hot parts of disintegrating boilers (e.g., portions of the burner, fire-
brick) are at high enough temperatures to ignite combustible materials
with which they might come in contact.

It was concluded that, while secondary effects should eventually be
included in building regulations, the provisions of Chapter 8 represent
a sufficiently drastic departure from current design practices and the
inclusion of secondary effects should be left for the future development
of seismic code provisions. This basic philosophy underlies much of
the assignment of performance levels to different occupancies.

DESIGN CONDITIONS

Four aspects of seismic safety were considered as follows:
1. General life safety,
2. Property damage affecting life safety,

3. Functional impairment of critical facilities affecting post-
disaster recovery (loss of utilities, elevators, life safety elements,
etc.), and

4, Safety of emergency personnel such as fire and rescue teams.

These four criteria objectives are closely interrelated because property
damage resulting from the conseguences of an earthquake can be a definite
cause of life loss. As in the case of fire, the relative hazards to
life safety are also directly related to the occupancy load and the
actual use of the building. The greater the occupancy load, the greater
the potential life loss during an earthquake. An unoccupied building
does not present a hazard to life safety within the structure

during an earthquake.
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Earthquake damage studies have shown that the placement of nonstructural
elements on or in a building may have significant effects in modifying
the seismic response of the structure. Heretofore this aspect of build-
fng design has received little attention. For example, prior seismic
design philosophy implied that little structural damage should occur
during moderate ground motion but some damage was expected to nonstruc-
tural components of the building. Thus, one could infer that as long
as the possibility of structural collapse was minimal, there was little
concern in design for earthquake-induced forces acting upon architectural
and other nonstructural components. Recent earthquakes have demonstrated
that the cost of damage to such components can be excessive.

Four sources of forces were considered with regard to the nonstructural
components or systems:

I. Seismic induced forces acting directly on the component or
system,

2. Seismic induced forces acting directly on the component or
system joints or connections,

3. Seismic induced deformation of the structural frame generating
forces acting directly on the component or system, and

4. Seismic induced deformation of the structural frame generating
forces acting directly on the component or system joints or connections.

SCOPE

In the development of the provisions, it was necessary to analyze all
nonstructural components for consequences to life safety and building
function. Initially, all architectural components of a building were
considered and those determined inconsequential to life safety were
excluded. The remainder were assessed as to their potential effect on
people and expected performance. The architectural components and sys-
tems considered were:

Building accessibility (including ground floor egress)

Exterior nonstructural walls (including parapets and large-scale
veneers)

Veneers (small-scale ceramic mosaics, Venetial tile, etc.)

Canopies (except as means of egress)

Roofing units (tile, metal panels, slate, etc.)

Containerized and miscellaneous elements (planter boxes, etc.)

Fire detection systems

Fire suppression systems

Life safety communications system
Smoke removal systems

Stairs
Elevators (operation only)
Vertical shafts (including elevator shafts) :
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Horizontal exits (only where otherwise required)
Public corridors
Private corridors

Full-height area and separation partitions
Full-height structural fireproofing

Full-height other partitions (including screens)
Partial-height partitions (including screens)

Ceilings, fire membrane
Ceilings, nonfire membrane

Equipment, ceiling mounted
Equipment, wall mounted
Equipment, freestanding unstable
Equipment, freestanding stable

Furniture, unstable
Furniture, stable

Art work, ceiling mounted

Art work, wall mounted

Art work, freestanding unstable
Art work, freestanding stable

This list represents most of the architectural components of a building
that could present hazardous exposure to the public. Similar listings
were prepared for the mechanical and electrical components and systems.
Initial consideration was given to 172 individual mechanical and elec-
trical components in 37 occupancy classifications in an effort to arrive
at common charcteristics. Subsequentiy, these were consolidated, re-
sulting in 19 component groups in the three seismic hazard exposure
groups listed in Table 8-C (Chapter 8). [t was recognized that not all
buildings contain all the components listed. The list represents a
fairly complete compilation of components and systems, some or all of
which are usually present in typical or atypical buildings. Practical
considerations--most notably enforcement--resulted in the modification,
consolidation, and reduction in the number and type of components subject
to seismic design requirements as specified in Tables 8-B and 8-C. It
is assumed that the building designers will work as a team to provide
for the required performance levels.

8.1-8.1.1 GENERAL REQUIREMENTS and INTERRELATIONSHIPS OF COMPONENTS

The general requirements establish minimum design levels for architec-
tural, mechanical, and electrical systems and components recognizing
occupancy use, occupant load, need for operational continuity, and the
interrelation of structural and architectural, mechanical, and electrical
components. There are two exceptions:

1. Those systems or components designated in Table 8-B or 8-C for
L performance level that are in buildings assigned to Seismic Hazard
Exposure Group | and are located in areas with a Seismicity Index of 1
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or 2 or that are in buildings assigned to Seismic Hazard Exposure Group

Il and are located in areas with a Seismicity Index of | are not subject
to the provisions of Chapter 8.

2. Where alterations or repairs are made, the forces on systems or
components in existing buildings may be modified in accordance with the
provisions of Part 3.

Seismic Hazard Exposure Groups are determined in Sec. 1.4 (Chapter 1).
Mixed occupancy requirements also are presented in that section.

The seismic force on any component shall be applied at the center of
gravity of the component and shall be assumed to act in any horizontal
direction. For vertical forces on mechanical and electrical components,
see Table 8-C, Footnote 2.

Although the components and systems listed in Tables 8-B and 8-C are
presented separately, significant interrelationships exist between them.
For example, exterior, nonstructural, spandrel walls may shatter and
fall on the streets or walks below seriously hampering accessibility
and egress functions. Further, the rupture of one component could lead
to the failure of another that is dependent on the first. Accordingly,
the collapse of a single component may ultimately lead to the failure
of an entire system. Widespread collapse of suspended ceilings and
light fixtures in a building may render an important space or major
exit stairway unusuable. Such types of interrelationships exist for the
components in Tables 8-B and 8-C and should not be overlooked.

Consideration was also given to the design reguirements for these compo-
nents to determine how well they are conceived for their intended func-
tions. Potential beneficial and/or detrimental interactions with the
structure were examined. The interrelationship between components or
systems and their attachments were surveyed. Attention was given to
the performance relative to each other of architectural, mechanical, and
electrical components; building products and finish materials; and sys-
tems within and without the building structure. It should be noted
that the modification of one component in Table 8-B or 8-C could affect
another and, in some cases, such a modification could help reduce the
risk associated with the interrelated unit. For example, landscaping
barriers around the exterior of certain buildings could diminish the
risk due to falling debris although this should not be interpreted to
mean all buildings must be landscaped.

The design of systems or components that are in contact with or in close
proximity to other structural or nonstructural systems or components
must be. given special study to avoid damage or failure when seismic
motion occurs. If a ceiling supports a wall, the intersection must be
detailed to accommodate differential movements between them. Another
example is where an important element of a system, such as a motor-gener-
,ator unit for a hospital is adjacent to a nonload-bearing partition.
The failure of the partition might jeopardize the motor-generator unit
and, therefore, the wall should be designed for a performance level
sufficient to ensure its stability.




Whetre nonstructural wall systems may affect or stiffen the structural
system because of their close proximity, care must be exercised in se-
lecting the wall materials and in designing the intersection details to
ensure the desired performance of each system.

8.1.2 Connections and Attachments

It is required that the components be attached to the building structure
and that all the required connections and attachments be fully detailed
in the design documents. These details should take into account the
force levels and anticipated deformations expected or designed into the
system. See also Sec. 8.2.3.

If an architectural component or system were to fail during an earth-
quake, the mode of failure would probably be related to:

. Faulty design of the component,
2. Interrelationship with another component which fails,
3. Interaction with the structural framing system,
4. Deficiencies in its type of mounting, or
5. Inadeguacy of its connections or anchorage.
The last is perhaps the most critical when considering seismic safety.

Building components designed without any intended structural function--
such as in-filled walls——may interact with the structural framing system
and be forced to act structurally as a result of excessive building
deformation. The buildup of stress at the connecting surfaces or joints
may exceed the limits of the materials. Spatial tolerances between such
components thus become a governing factor. Therefore the provisions
place emphasis on the ductility and strength of the connections for
exterior wall elements and the interrelationship of elements.

Traditionally, mechanical equipment that does not include rotating or
reciprocating components (e.g., tanks, heat exchangers) is rigidly an-
chored to the building structure. Mechanical and electrical equipment
containing rotating or reciprocating components is often isolated from
the structure by vibration isolators (rubber-in-shear, springs, air cush-
ions). Heavy mechanical equipment (e.g., large boilers) is often not
restrained at all, and electrical equipment other than generators, which
are normally isolated to dampen vibrations, is usually rigidly anchored
(e.g., switchgear, motor control centers). The installation of unattach-
ed mechanical and electrical equipment should be virtually eliminated
for buildings covered by the provisions.

Friction cannot be counted on to resist seismic forces because it has
been observed that equipment and fixtures often tend to "walk" due to

rocking when subjected to earthquake motions. This is often accentuated
by the vertical ground motions. Because frictional resistance cannot
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be relied upon, positive restraint must be provided for each system or
component.

8.1.3 Performance Criteria

Each type of component or system subject to these provisions was evalu-
ated as to its expected performance level. The goal of designing for
several performance levels, which was established for initial guidance,
is contained in Table C8-1 and C8-2. Levels of expected performance
were assessed against levels of potential hazards to life safety ac-
cording to the location and function of the component. Life safety was
the overriding criterion for developing the levels of performance for
each nonstructural component.

Once a performance criteria is established for a component or system,
it should be designed to operate or function at that level. Specific-
ally, performance criteria are utilized to define standards against
which expected performance is to be measured in terms of life safety.

The performance characteristic levels, P, given in Table 8-A resulted
from consideration of a combination of factors fincluding performance
and value judgment based on personal experience. In the development of
the P values, the formulas utilizing this factor are based on broad
assumptions. Therefore, the differences in performance levels are size-
able. It should be noted that 1.0 is considered the base performance
value for most components. |

The factor, P, is a dimensionless modifier of the design force Ievel/on
a component or system based upon its interrelationship with Seismic

Hazard Exposure Group (occupancy or use group) for the building in which
it is located. These are shown in Tables 8-B and 8-C.

8.2 ARCHITECTURAL DESIGN REQUIREMENTS

8.2.1 General

The architectural design requirements provide that calculations, cri-
teria, or other substantiation be prepared and included as part of the
design documentation. The use of standard designs for certain building
components, based upon conservative values for variables, may be ap-
plicable to most buildings.

The location of a building is. important from three viewpoints:

1. Site-related effects of ground-shaking including landslide and
liquefaction,

2. Relationship to densely populated areas, and

3. Linkage to site plan.
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TABLE C8-1
Systems

Performance Criteria for Architectural Components and

Matrix
Letter
Symbol

Design Goal
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Ranking

Performance Performance
Level No. Characteristic
1 Superior

2 Good

Maximum resistant to lateral
force design criteria; design
limited to cosmetic damages;
all operating functions to

be unimpaired; minimize glass
breakage (safety glass may
crack); no loss of any fire
rating or protection; system
or component shall be able

to handle 1.5 times the design
deflections of any structural
member to which it is attached
or could have loads imposed

on it due to structural member
design movement.

Average resistance to lateral
force design criteria; no
major fall-off of wall or
ceiling components allowed;

no glass fallout except for
tempered glass fragments;

all operating functions nor-
mally operable or readily
repaired on site ___ working
days; fire ratings 75 percent
(this does not mean 75 percent
of unit is intact; it means
that a 4-hour wall shall

have 3-hour, etc.); minor
damage to system or component
structure is allowed; system
or component shall be able

to handle 1.0 times the design
deflections of any structural
member to which it is attached
or could have loads imposed

on it due to structural design
movement.




TABLE C8-1

Continued

Matrix
Letter
Symbol

Ranking
Performance
Level No.

Performance
Characteristic

Design Goal

Low

None

Low resistance to lateral
force; glass fallout permit-
ted; ceilings and lighting
fixtures may fall down; major
components must substantially
stay in place but not operable
until repaired; system or
component structural damage
may occur; fire ratings im-
paired; system or component
shall be able to handle 0.5
times the design deflections
of any structural member to
which it is attached or could
have loads imposed on it due
to structural member design
movement.

No performance standards
required.
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TABLE CB-2 Performance Criteria for Mechancial Electrical Components

and” Systems

Performance
Criteria
Factor

Performance
Level

Design Goal

1.5

1.0

0.5

0.0

Superior (S)

Good (G)

Low (L)

None (N}

High resistance to static and dynamic
seismic forces; all operating functions
unimpaired; no broken piping regardiess

of size; no interruptions of utility ser-
vices other than normal transfer functions
to alternate sources.

Moderate resistance to static and dynamic
forces; all major equipment normally oper-
able or easily repaired at site; no broken
main distributing piping or vessel; no
shorted or broken electrical circuits.

Low resistance to static and dynamic seis-
mic forces; major equipment must substan-
tially stay in place; broken main distri-
bution piping and vessels tolerated; fall-
out of lighting fixtures tolerated.

No performance standards required.

NOTE: The design goals

listed above do not represent absolute levels.

The complexity of mechanical and electrical equipment, piping and duct
systems, electrical distribution systems, etc., together with the unique
magnitude and time spectrum characteristics of each seismic event make

this impossible.

It is believed that the above design goals are achiev-

able and that equipment and systems designed to this proposal will resuit
in an acceptable minimum percentage of failures and danger to the public.
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Location and geographic distribution of buildings have a direct relation-
ship to potential life loss. In areas of high-intensity ground-shaking,
the possibility of significant failure of architectural and other non-
structural systems increases. While hazard to life safety within a
building remains constant, potential life loss can be significantly
increased if the building is also located in a densely populated urban
area. The time of day also can be of importance because of the possibil-
ity of a large number of persons being inside or adjacent to the exterior

of the building.
The placement of buildings on a site can significantly affect the impact
that collapse, or failure, of architectural and nonstructural components
can have on:

I. The entrance or egress of occupants to the building,

2. The blocking of streets, and

3. Accessibility to the building by fire and rescue teams.

Accordingly, guidelines were established to cover the respective hazards
and their relationships to both interior occupancies and exterior circu-
lation.

\

j
Many variables exist in building linkages to the site plan. Perhaps {
the most obvious constraint is the effect of lot size and/or location.
Few options exist for either the architect or engineer to position build- !
ings on small lots or restricted sites in congested urban centers.
However, in the case of large building sites, such as those found in ]
regional shopping complexes surrounded by large parking areas, hazard
mitigation can be properly considered. For example, as noted previously,
properly placed landscaping around the exterior of a building can provide
a protective barrier from falling hazards. Accessibility to a damaged
building for fire and rescue teams is essential and, therefore, the en-
trance and egress to the building should be protected. All space sur-
rounding a building does not necessarily affect accessibility--only
those areas that are associated with accessibility to the building site
and entrance to and egress from each building. '

has shown that access can be lost or seriously compromised from debris
falling from both the building involved and adjacent property. I[n order
to assure that future improvements on adjacent property would not jeopar-
dize this accessibility, the provisions require that adequate protection
of such access be provided. The simplest means of resolving this adja-
cent property would be to restrict the location of the access to at
least 10 feet from any adjacent property line. If there is an existing
building on the adjacent property and it is, for example, constructed
of reinforced masonry, the architect should seriously consider providing
a greater degree of protected access. This would avoid the potential
hazard that the existing adjacent structure may present. Although not
covered by these provisions, the designer also should consider the pos-
sible loss of access along streets, highways, or bridges adjacent to |
the site.

Accessibility for Group IIl occupancies is most important. Experience m
|
|

161

N |




8.2.2 Forces

The design seismic force is dependent upon the weight of the system or
component, the seismic coefficient for the locality, the seismic coeffic-
ient for the component, and the reguired performance characteristic.
The term Ay is a variable parameter dependent on local earthquake history
and probability of occurrence. The maps in Chapter | specify values
for locations across the United States. The performance characteristic
relates to the occupancy group and the component or system involved per
Table 8-B.

Certain design requirements for architectural components in areas of
low seismicity are eliminated by the exceptions of this section. How-
ever, the designer may wish to provide for some increased safeguards
in order to lessen the potential cost to his client for architectural
components. This is not mandated in the provisions.

It should be noted that the minimum lateral design force usually speci-
fied for interior partitions (i.e., the 5 pounds per square foot criteria
found in most codes) may exceed the forces developed from Eq. 8-1, there-
by eliminating the need for seismic design of these walls.

The Co factor in Table 8-B was originally based on the use of the working
stress design and was similar to the Cp factors specified in the Uniform
Building Code and Title 24 of the California Administrative Code. In
some cases these values were modified slightly based upon experience
and judagment. In the case of exterior nonbearing walls (parapets), the
Cc value was considerably reduced since the developers of the early
version of these provisions did not believe they could justify a differ-
ence between a parapet and a cantilever portion of an exterior wall.
The poor history of unreinforced masonry parapets, which was the basis
of prior high C. values, should not be transferred to newer and properly
designed systems.

When the decision was made to use stresses approaching yield in the

provisions, the C. values were modified so as to be in accordance with
these higher allowable stresses; the final proposed C. factors (and

existing code Cp factors) are somewhat arbitrary and, consequently, need
continued review and further research. [t is hoped that future investi-
gations will distinguish between a failure to meet the requirements of
a standard and a failure based on noncompliance with the basic intent
of a standard and thereby develop more rational values of these factors.

The modifications that resulted in the C. values presented in Table
8-B were developed from comparative computations and application of
subjective judgment.
From prior codes:

Fp = ZCpWp, (1)
and from Eq. 8-1:

Fp = AvCcPWe, (2)
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where Fp = the force at working stress level, Fp = the force at yield,

Z = the seismic zone factor, A, = the effective peak velocity-related

acceleration coefficient, C5 = the prior component factor, Cc = the new

component factor, Wp and We = the weight of component, and P = the per-

gorm?ncghfactor. Assuming Z = 1, Ay = 0.4 for Seismicity Index 4, and
= 1, then:

Fp = 1.2 Fp»

Fo = 1.2 (CpWp)., (1)
and

Fo = 0.4 (CcWe). (2)

If Cé = 0.2 for a partition, then:

2(0.2 Wp)

0.4 CcWc (3)
and

Cc = 0.6. (4)

The amplication effects due to height in a building were not considered
significant because of the manner in which the values were assigned to

Cc and P, the general relatively small weight of components or systems
(as compared to the building weight), and the desire to maintain a simple
form for Eq. 8-1.

8.2.3 Exterior Wall Panel Attachment

This section requires ductility and rotational capacity for exterior
panels. To ensure that the connection is ductile, care must be taken
in detailing the attachments. To minimize the possibility of a brittie-
type failure, the connections to the structural frame must be designed
to accommodate (by bending or rotation) the potential differential mo-
tions between the component and the structural frame.

8.2.4 Component Deformation

Earthquake motions induce deflections at each floor level. The differ-
ence in the deflections of the top and bottom of each story is the story
drift. Walls, partitions, glazing, etc., in each story of a building
must be capable of accommodating the story drift without causing a life
safety hazard. The larger story drifts resulting from the inherently
more-flexible steel or reinforced concrete moment frame buildings may
cause damage to floor-to-floor partitions and other nonstructural systems
(e.g., stairs, elevator shafts) unless proper design considerations are
provided. Such nonstructural damage as evidenced in past earthquakes
can exceed 50 percent of the replacement value of a building and can
also endanger the occupants. In comparison, shear wall buildings are
usually more rigid than moment frame structures and therefore have smal-
ler story drifts. Architectural design considerations must take into
account the components of deformation that can occur:

1. Direct deformation in the component or system itself,




2. Direct deformation in the joints or connections of the component
or systems,

3. Deformation of the component or system produced by structural
frame or structural wall movements,

4, Deformation in the Jjoints or connections of the component or
system produced by structural frame or structural wall movements.

The drift values to be considered in the design of components are those
derived in Sec. 4.6.]1 (Chapter 4). These values can be reduced by one-
half for components with a required performance characteristic level of
L.

A1l architectural systems or components connected to or framed within
the structural system must be capable of accommodating a story drift of
A without failure or should be separated from the structure to prevent
the deformations of the structure from affecting the architectural system
or component. Such isolation can be accomplished by providing a degree
of separation at least equal to the calculated drift from Sec. 4.6.1.
Rigid elements (e.g., stairways, masonry walls) should be given special
consideration since not only are they subject to damage and loss of
function from structural deformations but also, of equal importance,
their stiffness may significantly affect the structural system to which
they are connected. In each instance both structural and fire resistance
requirements have to be reconciled.

Differential vertical movement between horizontal cantilevers in adjacent
stories (i.e., cantilevered floor slabs) has occurred in past earth-
quakes. The possibility of such effects should be considered in the
design of exterior walls.

8.2.5 Out-of-Plane Bending

Most walls are subject to out-of-piane forces when a building is subject-
ed to an earthquake. These forces and the bending they induce must be
considered in the design of wall panels. This is particularly important
for systems composed of brittle materials and/or low flexural strength
materials. The conventional limits based upon deflections as a propor-
tion of the span may be used with the applied force as derived from Eq.
8-1 and Table 8-8B.

8.3 MECHANICAL AND ELECTRICAL DESIGN REQUIREMENTS

8.3.1 General

The mechanical and electrical design forces are assumed to be imposed
from any horizontal direction. The vertical forces as noted in Footnote
a of Table 8-C are assumed to be one-third of the maximum horizontal

forces. The designer is allowed an option of justifying a reduction in
the seismic forces required by this chapter. Such justification may be
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made by performing a dynamic analysis based upon established principles
of structural dynamics.

8.3.2 Forces

Equation 8-2 shall be used for the design of components and their attach-
ments. The method of attachment for mechanical and electrical components
shall be either by fixed or direct attachment to the building or by
attachment with a resilient mounting system. Reliance on friction to
resist seismic forces is not permitted.

If an item of mechanical or electrical equipment is rigidly anchored to
the building structure, seismic forces are transmitted directly to the
equipment. The design force is dependent on the performance rating
assigned to the particular piece of equipment.

Where fixed (rigid) attachments are used for components with performance
levels of S or G in areas with Seismicity Indexes of 3 or 4, certifica-
tion must be obtained from the component manufacturer that the component
is capable of withstanding the design forces without sustaining damage.
Shaking-table tests or three-dimensional shock tests may be used for
certification if an analysis is too difficult to perform. Components
can frequently withstand considerable force in one horizontal direction
but may fail if a concurrent force is applied from another horizontal
direction.

Mechanical equipment such as reciprocating or rotating machinery has
traditionally been mounted on resilient mounting systems, particularly
when installed on upper floors of structures. The primary reason for
this type of mounting system is to dampen or isolate the vibration ema-
nating from the equipment and thereby inhibit sound and vibration trans-
mission through the building structure.

The structural system and the resilient mounted equipment form a complex
dynamic system. To account for this, the amplification introduced by
the relationship of the equipment support period and the building period
should be included if the equipment is to survive the earthquake as
required for S or G performance criteria levels. [t is recognized that
a rigorous solution of this problem requires a detailed computer-type
dynamic analysis. The designer is given the option of making a rigorous
dynamic analysis of the equipment and its supporting system by estab-
lished principles of structural dynamics to qualify the equipment.
As an alternate, the Tri-Service Seismic Design Manual includes a method
based on an approximation of the system as a single-degree-of-freedom
system. This method was adapted to the general methodology followed in
these provisions as one method of qualifying the equipment. An attempt
was made to determine whether techniques are available at present to
conduct a meaningful dynamic analysis of elastic restraining systems.
The state-of-the-art appears to be as follows:

1. Only one commercially available computer program is known to be
available that provides a form of dynamic analysis of elastic restrain-
ing systems. Because of the absence of actual earthquake data, this
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program makes assumptions regarding frequency components and their dur-
ation and limits itself to fregquencies in the range of 0.1 to 16 Hz.
The program was developed by the California Institute of Technology for
a manufacturer of resilient support systems and access is available
only through that manufacturer.

2. There are sensors and recording systems available that can
measure and record direct on magnetic tape the various parameters during
a seismic event. The data could form the basis for improved dynamic
analysis program and make possible improved design techniques for re-
silient mounting systems.

3. There is a need for the installation of full dynamic response
sensors at existing strong motion instrumentation stations. There is
also a need for the development of adequate computer programs that can
be made available to all qualified designers in this field.

The resilient mounting attachments shall be designed to decelerate move-
ment of the component or system at a rate that will not generate forces
in excess of those calculated from Eq. 8-2. The resilient mounting
systems can include such items as stable springs, pneumatic restraining
devices, or elastic restraining devices; however, any device used must
be capable of withstanding the forces determined from Eq. 8-2. It was
the opinion of the early developers of the provisions that the equation
for calculating the seismic forces on mechanical and electrical equipment
should include two variable parameters in addition to those required in
Sec. 8.2. Therefore, two additional factors—-ac (an amplification factor
for resiliently mounted equipment) and ay (an amplification factor to
increase the applied forces dependent on the height of the equipment in
the building)--are included in Eq. 8-2. The values of the various fac-
tors and coefficients were determined as indicated below.

Cc_Factor Determinations. Initially, Cc was defined as:

Cc = a/g'

where g = accelerati%p due to gravity (Ft/secz) and a = estimated design
acceleration (ft/sec”). The quantity "a" represented an amplification
of the effective peak acceleration coefficient for Seismicity Index 4.
The amount of amplification was related to similar factors in the Cal-
ifornia regulations resulting from Senate Bill 519. In order to bring
Cc into tonformance with other sections of the provisions, the concept
was changed to define C. as a numerical dimensionless factor related to
the mechanical and electrical components in Table 8-C. The numerical
values as shown in Table 8-C were developed by using an analogy to the

Cp values in Table T17-23-3 of Title 24 as indicated below.

From Title 24:

-
©

~

I

= Cp WpP,

where

-
o)
n

the design force,
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Cp’ = the Cp value from Table T17-23-3, and

Wp

weight of component

and from Eq. 8-2:

Fp = AvCcacAxWcP,
where
Fp = the design force,
Ay = Effective Peak Velocity-Related Acceleration Coef-
ficient (EPV),
Ay = 1 (for comparison purposes),
8c = 1 (for comparison purposes),
We = weight of component, and
P=1.5 (for a hospital).

Fp was set equal to 1.2 Fp’ because the design in these provisions is
based on yield strength and not on working strength as in Title 24.
Thus:

AchGchNcP = 1.2 Cp'Wp.
Substituting Ay = 0.40:

0.4 Cc 1.5 = 1.2 Cp’
or

Cc =2.0cCp’.

Table T17-23-3 prescribes Ch’ = 1.0 for essential mechanical equipment,
and, thus, C. = 2.0 for comparable mechanical and electrical components

with an S performance level. Values for other equipment were then scaled
to the above.

Structure Amplification Factor (ax). The use of the building amplifica-
tion factor ay required similar considerations to those above. A review
of the literature (U.S. Department of Defense, 1974; Fagel et al., 1973)
as well as a desire to motivate designers to locate heavy mechanical or
electrical equipment in the lower levels of the building has prompted
the use of such a factor. One method of accounting for this effect is
to use a formula based on the distribution factor Cyx from Eq. 4-6a. The
use of this formula requires cross-referencing to Chapter 4 and involves
concepts that may be unfamiliar to mechanical and electrical engineers.
In addition, it tends to result in values in excess of those considered
reasonable. Therefore, it was decided to use an approach derived from
information contained in the Tri-Service Manual but differing from it
as follows: The equation used in the Tri-Service Manual gives directly
the acceleration due to seismic forces (as a fraction of gravity) at
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each level of the building. This number is then combined with a soil
constant such that the product of the structure amplification factor
and the soils constant (AnCs) represents a number comparable to the
pr‘OdUCt of the EPV COEFFiCient (AV)v the CC factor' and the structure
amplification factor (A\Ccax).

It was judged that a 100 percent increase for the top level of the build-
ing was reasonable.

Equipment Amplification Factor (ac). A relationship for determining
this amplification factor was developed by assuming that the response
of the building at the equipment level can be approximated by a sinu-
soidal loading of the form P sin(wt). The amplification factor for
this type of motion is then related to the acceleration resulting from
the increase in the equipment response due to the building response.
Whenever the period of the building and that of the equipment are approx-
imately equal, resonance occurs. The equation is based on the theory of
harmonic motion (Timoshenko, 1955) and is used to compute the amplific-
ation factor:

ac = IN [1 - (w/wa)?]? + [2xw/wal?,

where 8c is the amplification factor, w is the natural frequency of the
equipment (rad/sec), and wg is the natural frequency of the structure
(rad/sec), av¢ A = the percent of critical damping of equipment.

The Tri-Service Manual has selected a value of ) equal to 2 percent.
Substitution of the value 2n/T for w, and 2n/T. for wa produces the
curve shown on Figure C8-1 which indicates a magnification factor of 25
at resonance. This was reduced to a factor of 2 for period rates between
0.6 and 1.4 seconds with all other period ratios having a factor of 1
for the following reasons:

1. The damping coefficient A is not constant at 2 percent during
a seismic event.

2. The building period is also not a constant because of deforma-
tion of the structure.

3. The Tri-Service Manual’s magnification factor graphs are based
on an approximation of the system as a single-degree-of-freedom type
system. This is not considered to be representative of actual condi-
tions. It should be noted, however, that period ratios in the range of
0.8 to 1.2 may result in considerably higher magnification and this
must be considered in the design.
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FIGURE C8-1 Magnification factor versus period ratio.

4. Component Attachment Period (T.). Equation 8-4 is derived from
the basic mass response equation (Tri-Service Manual):

6 = VKMo
where
w = the circular fregquency (rad/sec),
Mme = the mass of mechanical or electrical equipment
(1b-sec?/in.), and
T = 2n/w (sec).

Combining the above equations:

T =2n+ N/Kg,

where 2
g = the acceleration due to gravity (in./sec ) and
W = the weight of equipment (1b).

Equation 8-4 results after substituting 2n/¥@ = 0.32. ,
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8.3.5 Utility and Service Interfaces

Special hazards to the building and its occupants are created by the
failure of utility systems. It was felt necessary to give some consid-
eration to secondary effects of a seismic event as an exception to the
general rule followed elsewhere. Possible secondary effects are |eakage
of fossil fuels from broken lines or electrical short-circuit currents
in excess of normal protective device capabilities. For this reason,
for Group | and Group 11 Seismic Hazard Exposure Groups in areas with
Seismicity Indexes of 3 and 4, protective devices are required that
will automatically stop fuel flows or interrupt current in the event
earthquake motions greater than a designated intensity occur. Interrup-
tion of gas or high temperature energy supplies to buildings can be
accomplished by installing seismic valves at the service connection to
8 building. Interruption of electrical service can be achieved by shunt-
tripping the main circuit breakers when activated by a sensor that can
detect excessive ground motion.

The early developers of the provisions also were concerned about the
rapid growth of urban electric distribution networks. In many instances
utility companies have increased their distribution networks such that
the fault current potentials that existed when a building was originally
constructed have increased manyfold. This is particularly the case in
urban areas where secondary network concepts are utilized. These net-
works, by adding transformer capacity, have reduced the reactance needed
to limit fault current. In some cases, electrical facilities initially
providing less than 25,000 amperes interrupting current now exceed
200,000 amperes or more, and incoming service equipment and distribution
equipment within the structure are inadequate to handle such loads.
This problem is of concern because phase-to-phase or phase-to-ground
faults can develop during a seismic event in equipment not adequately
designed and could completely consume the service entrance equipment,
service protection equipment, and distribution eguipment and represent
a significant source of fire. The potential energy release of these
fault currents is such that 1/4 in. by 4 in. cross-section bus bars,
utilized in switchboards singly or in multiples, would melt as if in an
electric arc furnace, and the molten copper would flow along the floor
igniting any combustible material it encountered. The resolution of
this problem is not within the scope of these provisions.

For essential facilities, equipment and systems requiring an S perfor-
mance characteristic level must remain in operation after the disaster.
For this reason, auxiliary on-site mechanical and electrical utility
sources, or secondary utility sources, are recommended. No reference
to this situation is included in the provisions because in most cases
existing building regulations usually contain such provisions. It is
recommended that an appropriate clause be included if the existing codes
for the jurisdiction do not presently provide for it.

TABLES 8-B AND 8-C  OCCUPANCY-COMPONENTS—PERFORMANCE RELATIONSHIPS

The definitions of architectural components and systems, occupancy group
types (Tables C8-3 and (C8-4), and criteria for performance standard§
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(Tables C8-1 and C8-2) have been discussed earlier. It is apparent
that interrelationships exist between the items and have a direct impact
on the levels of Jife safety to be achieved. For example, a heavy piece
of ceiling-mounted mechanical equipment presents a minimal hazard to
life safety when located in a private garage whereas the hazard from
such equipment increases significantly if it is located in a large hall
for public assembly with a potential occupancy of more than 1,000. The
hazard would be further increased if the connection or mounting for the
equipment was poorly designed. An additional increase in the hazard
potential would occur if it was mounted on the ceiling of a hospital
ward used 24 hours a day. As described earlier the introduction of
landscaped barriers may alter the life safety risk from falling objects.
Accordingly, design trade-offs between variables could raise or lower
the life safety hazard. Following this principle, the methodoliogy for
dealing with a set of variables was established.

Some critical variables affecting life safety that were used in this
methodology are:

1. Occupancy density;
2. Building height;

3. The need for functioning after an earthquake considering the
overall occupancy critical use factor, the specific component use factor,
the need for egress after an earthquake, and the need for functionability
of fire protection;

4, Adequate access for emergency personnel;
5. Public hazard exposure outside the building;

6. Critical exposure to major secondary hazards (e.g., fire, ex-
plosion);

7. Familiarity of occupants with surroundings;
8. Restriction on movement of occupants;

9. Probable age and mobility of occupants; and
10. Siting of the building.

Table C8-5 displays the initial results of the methodology when applied
to measurement of the three basic variables. It presents these results
in the form of a table labeled "Tentative Matrix." The variables are
measured against each other and are subject to modification when other
sets of variables are introduced. Application of the "Tentative Matrix"
to any one architectural component and system correlates the element
(subject to further modification if desired) to performance standards and
occupancy group. Other patterns may be found by seeking relationships
between the architectural component and its performance to occupancy
group, or occupancy group and architectural component to performance
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TABLE C8-3 ‘Initial General Grouping of Occupancies
Group Subgroup
Letter Classi{fication Code No. Occupancy Description
A Typical public Load of 100 or more (including
assembly drinking/dining establishments)
B Special public 1 Open air only (not covered by
assembly roof)--stadiums, reviewing stands,
park structures, etc.
2 Regional shopping centers with
enclosed shopping malls
C Education (campus 1 50 or more persons through 12th
operations only; grade
does not fnclude
1 to 3 room adult 2 Less than 50 persons through 12th
school operation grade
D Confined 1 Mental, jails, prisons, restrained
facilities inmates
2 Nurseries for child care only,
nonambulatory
3 Nursing homes, child care of kin-
dergarten age or over, ambulatory
4 Hospitals
E Hazardous storage 1 Hazardous/flammable storage
and factories
2 Less hazardous/flammable storage
3 Woodworking, shops, factories;
loose combustible fibers or dust
4 Repair garages
5 Aircraft repair hangers
F General la Regular gas/service stations,
commercial nonvital vehicle storage garages
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TABLE C8-3 Continued

Group Subgroup
Letter Classification Code No. Occupancy Description
1b Storage/parking of emergency
vehicles (e.g., ambulances, utility
trucks)
2a Wholesale stores, general ware-
houses
2b Retail stores (including drinking/
dining establishments with a load
of under 100)
2c Office buildings, low rise, up to
75 ft height
2d Office buildings, high rise, over
75 ft height
2e Print shops, factories, industrial
plants
2f Police/fire stations, communication
centers
29 Warehouses, emergency supplies
storage (e.g., medical, food,
chemicals)
3 Aircraft hangers, open parking
garages
G Special 1 Ice plants, factories, workshops
facilities using noncombustiblies, nonexplo-~
(including existing sives
low fire hazard)
2 Lifeline facilities, utilities,

power plants
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TABLE C8-3 Continued

Group Subgroup
Letter Classification Code No. Occupancy Description
H Hotel /apartment i Hotels, convents, monasteries
houses
2 Apartments, low rise, up to 75 ft
height
3 Apartment houses, high rise, over
75 ft height
| Dwel lings | Dwellings, lodging houses, sheds
2 Fences over 6 ft height, tanks,

towers

NOTE: This initial grouping was developed using the 1973 UBC as a point
of departure; modifications and additions were made to occupancy group
types.
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TABLE C8-4 Final Occupancy Grouping

Group

Description

11

I

Buildings housing critical facilities that are necessary
to post-disaster recovery and require continuous operation
during and after an earthquake. The terms "critical
facilties"” and "emergency" are defined as meaning desig-
nated by the governmental entity having jurisdiction.
Examples are fire faciltities, police facilities, hospital
facilities with emergency treatment facilities, emergency
preparedness centers, emergency communications centers,
power stations and other utilities required as emergency
facilities.

Buildings housing dense occupancies having a high tran-
sient population and/or sleeping conditions or critical
factlities requiring operation in the immediate post-di-
saster period; restricted movement facilities. Examples
are public assembly for 100 or more persons, open air
stands for 2,000 or more persons, day care, schools,
colleges, retail stores with more than 5,000 ft? floor
area per floor or more than 35 ft in height, shopping
centers with covered malls over 20,000 ft? gross area
excluding parking; office buildings over 4 stories in
height or more than 10,000 ft? per floor, hotels over 4
stories in height, apartments over 4 stories in height,
emergency vehicle garages, detention facilities, ambula-
tory health facilities, hospital facilities other than
those in Group 11, wholesale stores over 4 stories in
height, factories over 4 stories in height, printing
plants over 4 stories in height, hazardous occupancies
consisting of flammable or toxic gasses or flammable or
toxic liquids including storage facilities for same.

Low-density occupancies and generally low transient popu-
|ation.' Examples are aircraft hangers, workworking facil-
ities, factories 4 stories or less, repair garages, ser-
vice stations, storage garages, wholesale stores 4 stories
or less, printing plants 4 stories or less, ice plants,
single and two-family dwellings, townhouses, retail stores
less than 5,000 ft? per floor and 35 ft or less in height,
public assembly for less than 100 persons, offices 4
stories or less in height or less than 10,000 ft? per
floor, hotels 4 stories or less in height, apartment
houses 4 stories or iess in height.




TABLE C8-4 Continued

Group

Multiple
Occupancy
Structures

176

Description

At some time in the future, judging from recent archi-
tectural trends, megastructure type buildings with mul-
tiple occupancy groups will be designed or constructed.
Due to economic pressures on the cost of construction,
cost of travel and high values of land, shopping, living,
entertainment, medical, and working facilities may be
combined and designed into a single structure. Any "pre-
conceived boxes" or occupancy classifications within
which buildings are classified must be designed to take
into consideration the possibility of multiple occupancy
type structures. Some of the new convention centers and
regional shopping center malls are in this category and
represent a high-occupancy risk situation. In this case,
it was concluded that the architectural systems and com-
ponents are even more critical than in conventional type
buildings. Egress and accessibility to these structures
are most important.
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standard. Thus, for most desired information, the "Tentative Matrix"
display could be utilized to obtain correlation with performance stan-
dards, architectural element definition, or occupancy group type. The

higher the performance standard displayed on the "Tentative Matrix,"
the higher the hazard posed by the architectural element in context
with occupancy group characteristics. In this way, minimum force levels
were developed. The purpose of including this initial table is to pro-
vide guidance for future considerations and for evaluation of the method
used.

It was therefore clearly evident that a system needed to be devised to
measure all variables and establish priorities in dealing with them.
Any system so devised had to recognize the interrelationship between
all items and correlate their diverse characteristics.

RELATED CONCERNS
Maintenance

Mechanical and electrical devices installed to satisfy the requirements
of these provisions (e.g., resilient mounting systems or certain pro-
tecting devices) require maintenance to ensure their reliability and
provide the protection for which they are designed in case of a seismic
event. Specifically, rubber-in-shear mounts or spring mounts (if exposed
to weathering) will deteriorate with time and, thus, periodic testing is
required to ensure that their damping action will be available during
an earthquake. Pneumatic mounting devices and electric switchgear must
be maintained free of dirt and corrosion. How a Requlatory Agency could
administer such periodic inspections was not determined and, hence, pro-
visions to cover this situation have not been included.

Minimum Standards

Criteria represented in the provisions represent minimum standards.
They are designed to minimize hazard for occupants and to permit, insofar
as practicabte, the continued functioning of facilities required by the
community to deal with the consequences of a disaster. They are not
designed to protect the owner’s investment, and the designer of the
facility should review with the owner the possibility of exceeding these
minimum standards so as to limit his economic risk.

The risk is particularly acute in the case of sealed, air-conditioned
buildings with L performance levels where downtime after a disaster can
bé materially affected by the availability of parts and labor. The
parts availability may be significantly worse than normal because of a
sudden increase in demand. Skilled labor may also be in short demand
since available labor forces may be diverted to high priority structures
requiring repairs.
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Archttect-Engineer Design Integration

The subject of an architect-engineer design integration is being raised
because it is believed that all members of the profession should ctearliy

understand that Chapter 8 is a compromise based on concerns for enforce-
ment and the need to develop, in what was a limited time frame, a simple,
straightforward approach. It is imperative from the outset that archi-
tectural input concerning definition of occupancy classification and
the required level of seismic resistance be properly integrated with
the approach of the structural engineer to seismic safety if the design
profession as a whole is to make any meaningful impact on the public
conscience in this issue. Accordingly, considerable effort was spent
in this area of concern. It is hoped that as the design profession
gains more knowledge and sophistication in the use of seismic design,
it will collectively be able to develop a more comprehensive approach
to earthquake design provisions.
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Chapter 9 Commentary

wWO0D

9.1 REFERENCE DOCUMENTS

Unlike some structural materials such as concrete or steel, wood con-
struction practices have not been codified in a form that is standard
throughout the country. While heavy timber design practices generally
follow the National Design Specifications for Stress Grade Lumber and
Its Fastenings (NDS), this document does not specify either simple or
critical construction practices. There is a similarity of constrution
in lightweight wood framing throughout the country, but there is no
single code of practice that is generally accepted. The closest approx-
imation is probably Chapter 25 of the Uniform Building Code. Other ref-
erence documents are listed in Sec. 9.1.

It is not illogical to suggest that the framing practices specified in
the UBC document be used throughout the country since wind design often
governs over earthquake design even in highly seismic areas. The prac-
tices used for earthquake resistance are in large part those used to
provide wind resistance.

The general provisions of Chapter 9 specify the construction requirements
necessary to provide earthquake resistance although many are also re-
lated to gravity load resistance. Since these requirements are not
covered in any comparable document except the UBC, they are included
here for clarity and completeness.

9.2 STRENGTH OF HMEMBERS AND CONNECTIONS

Since the loading provisions of Chapters 3 and 4 are based on a level
of load resistance at yield point while normal code timber stresses
must consider factors of safety, long-term deflection, etc., some adjust-
ment must be made to tabulated stresses as given in the reference docu-
ments. This adjustment has been set at 200 percent of basic working
stresses with the strength of members and connections subject to seismic
forces acting alone or in combination with other prescribed loads being
determined using the appropriate capacity reduction factors given in
Sec. 9.2.

In the case of steel, the corresponding point has been averaged at about
1.7 times the tabulated working stress limitations. In the case of
concrete, the adjustment is about 1.4. Capacity reduction factors are
also specified for steel and concrete.




Wood has a variety of load factors and many of the accepted stresses do
not have a constant relationship to an elastic limit or even an ultimate
limit. When determining the factor for wood, consideration was given
to the time effect of loading, the normal variability in strengths as
related to both wood density and defects, and manufacture.

9.3 SEISMIC PERFORMANCE CATEGORY A

Buildings assigned to Category A are required to meet minimum construc-
tion as required without consideration of seismic forces except for
anchorage of walls to floors and roofs as specified in Sec. 3.7.6.

Compared to present practice in many parts of the United States where
recent editions of the UBC are not used, minimum wall bracing is required
for wood frame buildings three stories in height to prevent racking.
These are similar to the Federal Housing Administration’s (FHA) Minimum
Property Standards. One common form of bracing has been omitted: let-in
1l by 4 or | by 6 diagonal bracing members. The original tests for this
type of bracing were reported by the U.S. Department of Agriculture’s
Forest Products Laboratory in 1929; however, in those tests the let-in
bracing was combined with horizontal timber sheathing boards. The San
Fernando earthquake demonstrated that the expected strength is greatly
reduced when sheathing boards are not used.

9.4 SEISHMIC PERFORMANCE CATEGORY B

Buildings assigned to Cateogry B construction are required to meet re-
quirements that are somewhat more restrictive than those for Category
A. Materials (e.g., screws, lag screws, fiberboard diaphragms, eccentric
timber joints) and practices that have performed poorly in past earth-
quakes are regulated.

9.5 SEISHIC PERFORMANCE CATEGORY C

The additional requirements for buildings assigned to Category C corre-
spond roughly to the requirements for ordinary construction in highly
seismic areas of the United States. Only timber or plywood diaphragms
are permitted and the other related materials are limited for bracing
purposes to the top floor of a timber building.

9.6 SEISHIC PERFORMANCE CATEGORY D

The requirements for buildings assigned to Category D further restrict
the use of plaster, gypsum, particle board, wallboard, and fiberboard as
bracing elements and require blocked diaphragms. These requirements

apply only to those essential facilities in areas with the highest seis-
mic exposure in the United States.
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9.7 CONVENTIONAL LIGHT TIMBER CONSTRUCTION

Conventional light timber framing consists of light framing where sizes
of studs, joists, and rafters are generally determined from tables and
construction details are based on common practice possibly modified by
local building codes or FHA Minimum Property Standards. These buildings
are often sheathed with non-timber materials such as plaster, sheet
rock, particle board, or other similar materials. Lateral resistance to
wind or earthquake is usually not calculated but is determined by empir-
ical rules such as are noted in Sec. 9.3.1 and 9.7.2.

9.8 ENGINEERED TIMBER CONSTRUCTION

Engineered construction includes timber framed buildings where loads
and forces are calculated and the required resistance is provided accord-
ing to the tested or designed capacity of the resisting elements. Spe-
cial requirements (including those for torsion) are given for all types
of shear panel construction including diagonal sheathing, plywood, and
other materials.
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Chapter 10 Commentary
STEEL

10.1 REFERENCE DOCUMENTS

The reference documents are the current standard specifications for
design of steel members and their connections in buildings as approved
by the American Institute of Steel Construction (AISC), American Iron
and Steel Institute (AISI), and the Steel Joist Institute (SJI). As
future editions become available, suitable changes to the modifications
in the succeeding sections should be made.

10.2 STRENGTH OF MEMBERS AND CONNECTIONS

The modifications to standard specifications necessary to make them
compatible with the design requirements and force levels specified in
Chapters 4 and 5 and those made to minimize potential brittle modes of
failure are specified. Capacity reduction factors are provided so that
in the future explicit determination of member strength factors can be
expedited. The modifications only affect designs finvolving seismic
loads.

The capacity reduction factor of 0.9 for members and connections was
selected primarily to account for uncertainties in design and construc-
tion. Connections of members have generally been a critical element in
failures during past earthquakes. Therefore, a capacity reduction factor
of 0.67 was introduced to increase the capacity of those connections
that do not develop the full strength of the member. A ¢ factor of
0.8 was selected for partial penetration welds subjected to tension
stresses because there has been little experience with this type of
connection in past earthquakes.

It has frequently been found that optimum performance is obtained if
connections fully develop the minimum capacity of the members of the
seismic resisting system framing into a joint. Somewhat brittle-type
faflures have been observed when the capacity of connections are reached
before that of the member. In order to provide a greater than usual
margin of safety on braced frame connections, the Structural Engineers
Association of California (1974) provides that connections are to be
sized without consideration of the one-third increase usually permitted
uniess the member capacity is fully developed. This concept is extended
to moment frames by providing the same conservatism for moment frame con-
nections as for braced frame systems.
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It has been demonstrated by tests that a moment connection composed of
welded flanges with a bolted web connection designed to carry the shear
can develop the plastic capacity of steel sections (Huang et al.,1971
and 1973; Regec et al., 1972; Rentschler and Chen, 1973, 1974, 1975,
and 19763 Parfitt and Chen, 1974; Popov and Stephen, 1970.)

When designing the connection to fully develop the member, the strengths
of the connecting parts are determined using the factor in Sec. 10.2.1.
This creates a step function in determining strengths. In design, how-
ever, a decision is made initially on whether or not the member strength
will be developed so that the step should not create a design problem.

10.2.1 Structural Steel
Modifications are given for Ref. 10.! (AISC Specifications).

Load Combination. The load effects determined from the load com-
binations specified in Sec. 3.7.1 are required to be equal to or less
than the actual strengths of members and connections. The allowable
stress levels specified in Part | of Ref. 10.1 do not identify this
condition and are not applicable. It is assumed, unless specifically
described otherwise, that the strengths are linear, elastic allowable
stresses modified to meet the elastic limit of the structure. The design
for the combination of dead and live loads and impact, if any, is not
modified from the current specifications. Information leading to the
determination of member and connection strengths is being developed but
was not available when these provisions were originally drafted. Future
research may be able to better define member and connection strengths
for resisting seismic load effects. These may be strengths related to
a mean value or a given deviation from the mean. Future development
also may indicate that varying ¢ factors would be appropriate for dif-
ferent types of members (Galambos and Ravindra, 1973-1976). A modifier
of 1.7 and a capacity reduction factor of ¢ = 0.9 on working stress
values were chosen after a review of a number of items such as:

1. The margin of safety between the yield strength and allow-
able stress of short columns.

2. The margin of safety between the yield strength and allow-
able tensile stress.

3. The margin of safety of compression members varies between
1.7 and 1.9 (Ref. 10.1; Johnston, 1976).

4. The increase permitted on connecting devices in Part Il of
Ref. 10.1 is 1.7 (Ref. 10.1). The actual margin of safety is often
higher (Fisher and Struik, 1974; Galambos and Ravindra, 1976).

Shear Strength. The allowable shear stress specified in Sec.
1.5.1.2 of the AISC specifications is 0.40 Fy. When multiplied by 1.7,
the value becomes 0.68 Fy. This is higher than the 0.55 Fy given in
Sec. 2.5. This difference is discussed in the commentary of the AISC
specifications. When the shear stress in a member or joint results,
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primarily from forces generated by earthquake motions, it is felt that
the more conservative approach given in Part 2 of the AISC specifications
should be used. A compromise value of 0.60 was selected, pending a
final value from the final draft of the AISC Load and Resistance Factor
Design Specification for Structural Steel Buildings. It is anticipated
that this requirement would apply primarily to unbraced frame members
and joints. Future research may indicate that the shear limit for re-
sisting seismic load effects should be modified.

Euler Stress. Since the level of design is the same as contemplated
in the definition of Py on Page 5-60 of Ref. 10.1, the 12/23 modifier
of Fg is removed.

Member Strength. Proportioning members of seismic resisting braced
frame systems of a building that has been designed by plastic analysis
for gravity loads shall be based on the strength of members as specified
in Part 2 of Ref. 10.1. However, the analysis shall be based on the
elastic analysis described in Applied Technology Council’s Report 3,
Sec. 3.1. Thus, the current references to plastic analysis methods and
the load factors are not used.

P-delta Effects. This section provides modification to the interac-
tion equations when the P-delta effects are explicitly determined in
conformance with Sec. 4.6.2. In columns, the reductions given to the
allowable stresses are in part a result of the consideration of member
P-delta effects. These P-delta reductions are modified in Ref. 10.1 by
a K factor that is a recognition of the effect of end restraint in the
member P-delta relationship. In beam-columns, the P-delta effect is
also considered as an increase (or decrease) to the moments at the end
of the columns expressed as a function of:

Cn/l = Fa/Fe

(Ref. 10.1; Johnston, 1976; Galambos, 1968). The bases for the values
of this ratio in braced systems are well documented. The selection of
the value of Cp in unbraced frames was an approximation applicable pri-
marily to designs where significant applied horizontal forces are not
present.. Since the advent of computer analyses, the solution of the
secondary effects resulting from deflection has become much easier. In
most cases, with significant horizontal force displacements (but limited
by drift requirements) the first iteration of deflection is sufficient.
It is possible that some members, such as weak axis columns depending
on end support conditions, may have critical stress occur at the mid-
story rather than the column ends. Thus, the stress limits specified
for braced frames should not be exceeded.

10.2.2 Cold Formed Steel

The allowable stress levels of Ref. 10.2 and 10.3 are not applicable to
the force levels in the earthquake analysis specified in Chapter 3. As
an interim measure the strengths of the members governed by these provi-
sfons are determined using basic stresses increased by 1.7 and using ¢
= 0.9.
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Three approaches for determining the strength of steel deck diaphragms
have been fncluded. This was done to clarify the use of the steel deck
diaphragm ¢ factor In the strength method of this chapter.

10.2.3 Steel Cables

The allowable stress levels of steel cable structures specified in Ref.
10.6 are modified for seismic load effects. The value of 1.5 T4 was
chosen as a reasonable value to compare with Increases given to other
working stress levels.

10.3 SEISMIC PERFORMANCE CATEGORY A

No special requirements for seismic design of buildings assigned to
Category A were deemed necessary.

10.4 SEISMIC PERFORMANCE CATEGORY B

Detail requirements for bulldings assigned to Category B are given.

10.4.1 Ordinary Moment Frames

Where moment resisting frame systems are used for the seismic resisting
system, they shall be Ordinary Moment Frames. Ordinary Moment Frames
are assumed to respond to the design earthquake by requiring a limited
amount of nonlinear behavior. For this type of moment frame, proportfon-
ing of members and their connections is based on the requirements of
the referenced specifications as modified by Sec. 10.2 for making working
stress values compatible with seismic design. For these types of frames
no change is provided to local buckling criteria in Appendix C of Ref.
10.1 and in Ref. 10.2 and 10.3.

10.4.2 Space Frames

Space frames when used shall‘conform to Ref. 10.1 or 10.2 or 10.3.

10.5 SEISMIC PERFORMANCE CATEGORIES C AND D

The requirements for bufldings assigned to Category C or D are given.

10.5.1 Special Moment Frames

Where a moment resfsting frame system is used as the seismic resisting
system it shall be a Specfal Moment Frame as specified in Sec. 10.6.
An exception is permitted for one- and two-story buildings assigned to
Category C; Ordinary Moment Frames may be used. This exception is based
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on the generally good experience record of such buildings during earth-
quakes.

Minor structures and structures with light metal or wood cladding de-
signed without special requirements for nonlinear ductile behavior have
performed well even during strong earthquakes. However, major structures
in areas of high seismicity and those minor structures housing emergency
occupanices should be provided with the full provisions for inelastic
performance specified by Sec. 10.6. A major structure in this instance
is defined as a building over two stories. It is conceivable that some
one- and two-story structures should be considered major structures and
tht some buildings of four or five stories, particularly those with
lfght flexible cladding, should not be classified as major structures.
Some judagment and leniency should be exercised in enforcing the two-
story limitation.

10.5.2 Braced Frames

Braced frames are designed to either carry both tension and compression
or to carry tension only, such as rod or strap bracing. There are in-
sufficient data on the nonlinear behavior of braced systems with which
to develop definitive guidelines for adequate performance. Braced sys-
tems have performed well when adequately designed and detailed. Designs
using the tension-only concept have resulted in a rather large amount
of damage to adjoining elements. Therefore, until detailing requirements
for providing adequate nonlinear behavior in braced systems are deter-
mined, it is recommended that in high seismic areas the tension-only
concept not be used for major structures. As discussed above, lenlency
should be exercised in enforcing the two-story limitation.

10.6 SPECIAL MOMENT FRAME REQUIREMENTS

Structures having Special Moment Frames designed to meet the requirements
of Sec. 10.6 are intended to have the capability of significant nonlinear
deformation. The sizing of members is based on the limit of an elastic
model as specified by the Applied Technology Council (1978, Sec. 3.1).
The nonlinear capability is provided by meeting the special requirements
in this section.

1. The statement regarding Hp is added to the specifications so
that it can be used to define the flexural strength of a frame member.
This definition of strength is obviously not the elastic limit of the
member but, as a consequence of strain hardening, it is felt to be a
reasonable limit to represent the point at which the frame as a whole
will start to substantially deviate from linear response. The fact
that the mean yield strength of the material is in excess of the minimum
specified yield strength also supports this design concept.

2. For this type of moment frame the steels to be used are limited
to those whose properties are similar to the steels used in tests to
demonstrate the nonlinear behavior of structural members and joints
(Lehigh University, 1967-1976; Popov and Stephen, 1970; Popov et al.,
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1975; Bertero et al., 1973; Krawinkler et al., 1971; Becker, 1971).
Other steels exhibiting similar ductility and strain hardening character-
istics such as those listed would also be appropriate.

3. Sec. 2.3.1 of Ref. 10.1 is deleted as not applicable to unbraced
frames. The maximum axial load on columns of 0.6 P,, for Special Moment
Frames is provided to reflect the recommendations from recent tests.
The upper limit for the axial forces is lowered from 0.75 Py. as speci-
fied in Sec. 2.3.2 of Supplement No. 3 of Ref. 10.1, to 0.6 Py for two
reasons: First, the uncertainties involved in predicting the maximum
axial forces that can be induced during a severe earthquake are so great
that it is convenient to be more conservative than in case of design for |
standard loadings. Second, columns in a moment resisting frame system
(ductile or nonductile) excited by severe earthquake ground motion can !
be subjected to cycles of inelastic moment reversals. Test results
(Popov et al., 1975) have shown that when a column is under a constant
axial force p > 0.6 Py, and is subject to reversals of moments inducing
yielding, local buckling develops in the columns during first reversal
of inelastic moment, and when this occurs, the axial force cannot be
maintained.

4., The actual location of points of inflection in columns when
the frame is deforming nonlinearly is not known. Thus, the shear and
moment requirements at a column splice are difficult to accurately ac-
cess. The use of partial penetration welds for column splices produces
a point that could result in a brittle-type frame failure if the level
of stress is critical at any time during the response of the frame. In
order to provide a conservative guide to the determination of when par-
tial penetration welds can be used, the following criteria are provided
by the provisions: (a) a conservative estimate of joint moment capa- :
cities is required assuming the yield of the critical sections at the P
joint are 125 percent of the minimum specified yield strength; (b) the |
potential movement of the point of inflection within the column height ‘
is determined by assuming that one column joint is stressed to one-half \
of its plastic capacity and the other joint is stressed to its full |
plastic capacity; and (c) the effect of vertical acceleration is con-
sidered by using the load combinations of Sec. 3.7.1. In some cases
columns do not have a point of infiection within a story height. For !
these cases it could be unconservative to design the splice to comply ‘
only with cases a and b above. Thus, it is emphasized that the load ‘
effects resulting from the loads specified in Sec. 3.7.1 should I
also be considered. ;

5. In addition to the shear stresses resulting from the elastic
analysis of the system under the specified loads, shear stresses should
be determined based on the assumption that the full flexural strengths
of the elements are reached through nonlinear displacement of the frame
members. The critical sections may be either in beams or in columns.

Frequently this may be only a nominal change in the shear design require-

ments. It is felt that the shear requirements should be consistent
with the actual response of the frame to the design earthquake. I[f the
members are oversized, the actual inelastic displacement of the frame
will not be the same as assumed when assigning the load modifiers in
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Sec. 3.7.1. The resulting increase in the design shear can be signifi-
cant.

Research has been performed on beam-column joint panel zones and methods
have been proposed for determining the panel zone shear capacity with
and without shear reinforcement (Becker, {971; Bertero et al., 1973;
Krawinkler et al., 1971.) Frequently panel zone shears have been deter-
mined assuming the Jjoint moments equal to the sum of the beam (or co-
lumns) moment capacities on each side of the joint. This is a simple
and conservative method of determining panel zone shears but usually
results in excessive reinforcement requirements. However, it is usually
not possible to develop this joint moment on the frame before total frame
instability occurs. Also formation of hinging by shear in restricted
areas may provide stable nonlinear response. In most cases, the provi-
sions of Sec. 10.6 permit reduction in the amount of reinforcement re-
quired when an approximate frame analysis is made with deflections twice
those determined using the prescribed forces. The factor of 2 is arbi-
trary but would provide elastic panel zone response well beyond the
deformations represented by the design forces at the elastic limit of
the structure.

6. Connections usually should be designed to develop the joint
capacity rather than the connection stresses resulting from the effects
of the specified earthquake loading. This is to ensure that ductile
behavior will occur in the members. Connections could be devised, how-
ever, to be capable of providing adequate nonlinear response in them-
selves. This should be demonstrated by proper analyses or tests.

7. Sec. 2.9 of Ref. 10.1 is modified to delete reference to plastic
design procedures for design of the seismic resisting system so as to
be in conformance with the requirements for an elastic analysis as spe-
cified in Sec. 3.1.

APPENDIX TO CHAPTER 10

An appendix has been included to cover the design of eccentrically braced
frames. The provisions included are tentative as stated in the intro-
duction to the appendix and should be used with discretion and engineer-
ing Jjudgement.
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Chapter 11 Commentary

REINFORCED CONCRETE

11.1 REFERENCE DOCUMENTS

The main concern of Chapter |l is the proper detailing of reinforced
concrete construction for earthquake resistance. The bulk of the de-
tailing reguirements in this chapter are contained in Appendix A of the
American Concrete Institute’s Standard 318, Building Code Requirements
for Reinforced Concrete, 1983 Edition. The 1983 seismic appendix to
ACl 318 grew out of the Apptied Technology Council’s 1978 report, Tenta-
tive Provisions for the Development of Seismic Regulations for Buildings
(ATC 3-06) and the review of that document, which resulted in amend-
ments. The commentary for ACI 318-83 contains a valuable discussion of
the rationale behind the seismic detailing requirements that is not
repeated here.

11.1.1 Modifications to Ref. 11.1
The modifications noted for ACI 318-83 are of three general types:

1. Changes in load factors necessary to coordinate the equivalent
yield basis of this document;

2. Changes that coordinate with the action of the International
Conference of Building Officials (ICBO) Seismology Code Development
Committee as they approve a motion to incorporate the ACI 318 seismic
appendix into the 1985 Uniform Building Conde; and

3. Additional changes to reduce the possibility of compressive
buckling of reinforcing bars near regions of potential hinging in co-
lumns, to clarify design of precast concrete diaphragms, and to more
severely limit the contribution of concrete to the shear strength of a
frame member when a significant portion of the demand for shear strength
is due to seismic forces.

11.2 STRENGTH OF MEMBERS AND CONNECTIONS

The strength reduction factors listed in Ref. 11.] and the remainder of
Chapter 11 are intended to define section or element strength.

The allowable loads on anchor bolts have been chosen to suit the capacity
reduction factors assumed in this document.
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11.3 ORDINARY MOMENT FRAMES

Ordinary Moment Frames are not required to meet any particular seismic
requirements. Since Ordinary Frames are permitted only in Category A,
they are not required to meet any particular seismic requirements.

11.4-11.5 INTERMEDIATE AND SPECIAL MOMENT FRAMES

The concept of Moment Frames for various levels of hazard zones and of
performance is changed somewhat from the provisions of Ref. 11.1. Two

sets of moment frame detailing requirements are defined in Ref., I1l.1,
one for "regions of high seismic risk" and the other for "regions of
moderate seismic risk." For the purposes of this document, the "regions"

are made equivalent to Seismic Performance Categories in which "high
risk" means Categories C and D and "moderate risk" means Category B.
This document labels these two frames the "Special Moment Frame" and
the "Intermediate Moment Frame," respectively.

The level of inelastic energy absorption of the two frames is not the
same. These provisions introduce the concept that the R factors for
these two frames should not be the same. Use of Ref. 11.1 with seismic
provisions currently in model building codes would imply that the equi-
valent R factors were indeed the same. The predecessor to these provi-
sions (the 1978 ATC report) assigned the R for Ordinary frames to what
is now called the Intermediate Frame. In spite of the fact that the R
factor for the Intermediate Frame is less than the R factor for the
Special Frame, use of the Intermediate Frame is not permitted in the
higher Performance Categories (C and D). On the other hand, this ar-
rangement of the provisions encourages consideration of the more strin-
gent detailing practices for the Special fFrame in Category B because
the reward for use of the higher R factor can be weighed against the
higher cost of the detailing requirements. These provisions also intro-
duce the concept that an Intermediate Frame may be a part of a Dual
System in Category B.

The differences in the performance basis of the requirements for the
two types of frames might be briefly summarized as follows (see the
commentary of Ref. ll.1 for a fuller discussion of the requirement for
the Special Frame):

I. The shear strength of beams and columns shall not be less than
that required when the member has yielded at each end in flexure. Ffor
the Special frame, strain hardening and other factors are considered by
raising the effective tensile strength of the bars to 125 percent of
specified yield. For the Intermediate Frame, an escape clause is pro-
vided in that the calculated shear using double the prescribed seismic
force may be substituted. Both types require the same minimum amount
and maximum spacing of transverse refinforcement throughout the member.

2. The shear strength of joints is limited and special provisions
for anchoring bars in joints exist for Special Moment Frames but not
Intermediate Frames. Both frames require transverse reinforcement in
joints although less is required for the I[Intermediate Frame. v
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3. Closely spaced transverse reinforcement is required in regions
of potential hinging (typically the ends of beams and coiumns) to control
lateral buckling of longitudinal bars after the cover has spalled. The
spacing limit is slightly more stringent for columns in the Special
Frame.

4. The amount of transverse reinforcement in regions of hinging
for Special Frames is empirically tied to the concept of providing enough
confinement of the concrete core to preserve a ductile response. These
amounts are not required in the Intermediate Frame and, in fact, stirrups
in lieu of hoops may be used in beams.

5. The Special Frame must follow the strong column/weak beam rule.
Although this is not required for the Intermediate Frame, it is highly
recommended for multistory construction.

6. The maximum and minimum amounts of reinforcement are 1limited
to prevent rebar congestion and assure a nonbrittle fiexural response.
Although the precise limits are different for the two types of frames,
a great portion of practical, buildable designs will satisfy either.

7. Minimum amounts of continuous reinforcement to account for
moment reversals are required by placing lower limits on the flexural
strength at any cross section. Requirements for the two types of frames
are similar.

8. Locations for splices of reinforcement are more tightly con-
trolled for the Special Frame.

9. In addition, the Special Frame must satisfy numerous other
requirements beyond the Intermediate Frame to assure that member propor-
tions are within the scope of the present research experience on seismic
resistance and that the analysis, the design procedures, the qualities
of the materials, and the inspection procedures are at the highest level
of the state of the art.

11.6 SEISMIC PERFORMANCE CATEGORY A

Construction qualifying under Category A as identified in Table |-A (see
Chapter 1) may be built with no special detail requirements for earth-
quake resistance except for ties around anchor bolts as indicated in
Sec. 11.1. "Closely enclosed" is intended to mean that the ties should
be located within 3 to 4 bolt diameters of the boits.

1.7 SEISHMIC PERFORMANCE CATEGORY B

A frame used as part of the lateral force resisting system in Category
B as identified in Tabie 3-B (see Chapter 3) is required to have certain
details that are intended to help sustain integrity of the frame when
subjected to deformation reversals into the nonlinear range of response.
Such frames must have attributes of Intermediate Moment Frames. Struc-
tural (shear) walls of buildings in Category B are to be built in accor-
dance with the requirements of ACI 318-83. .
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The principal effect of dividing Category B into Class B.l and Class
B.2 is that Ordinary Moment Frames are permitted in Map Area 2, Seismic
Hazard Exposure Groups 1 and I1l; however, they must be designed for
appropriate seismic forces using the R factor specified in Chapter 2.
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Chapter 12 Commentary

MASONRY

12.1 REFERENCE DOCUMENTS

This section references existing codes and standards that most designers
are familiar with and are currently using in various geographic areas
of the United States. The areas in which the reference documents may
be used are discussed in Sec. 12.4 through 12.7.

12.1.1 Modifications to Reference 12.6

Ref. 12.6, the 1985 edition of the Uniform Building Code (UBC), is mod-
ified in this section for use in the NEHRP Recommended Provisions. The
modifications primarily involve substitution of American Society for
Testing and Materials (ASTM) standards for those normally referenced in
the UBC. These changes are intended to facilitate use of the provisions
in the eastern areas of the United States.

Section 2407 of Ref. 12.6 uses seismic risk zones that are not used in
the NEHRP Recommended Provisions; therefore this section is modified to
convert the terminology to Seismic Performance Categories A, B, C, and
D. Section 2411 of Ref. 12.6 was modified to use the loads and load
combinations of the NEHRP Recommended Provisions.

12.2 STRENGTH OF MEMBERS AND CONNECTIONS

Strengths are determined by conventional working stress procedures as
obtained from the reference documents in Sec. 12.1. These are modified
to more accruately refliect a resistance strength comparable to yield
strength for more ductile materials. Working stresses are increased
using the 2.5 multiplier factor and then modified using the ¢ factor
concept.

The ¢ factor reflects the variability and lack of test data (especially
cyclic loading data) and indicates that some safety factors associated
with present variables may be too low.

12.3 RESPONSE MODIF ICATION COEFFICIENTS

The R factors presented in Table 3-B for reinforced masonry may only be
used when masonry is designed in accordance with the appropriate sectjons
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of Ref. 12.6 as identified. If these special requirements are not met,
the R factors in Table 3-B for unreinforced masonry must be used.

12.4 SEISMIC PERFORMANCE CATEGORY A

Seismic Performance Category A allows use of any of the appropriate
references listed in Sec. 12.1. This allows use of most of the currently

used masonry standards in Map Area 1.

12.5 SEISMIC PERFORMANCE CATEGORY B

Seismic Performance Category B has been divided into Class B.l and B.2.
The principal effects are that for Class B.1, Seismic Hazard Exposure
Groups | and II, any of the reference documents listed in .Sec. 12.1 may
be used in Map Area 2. However, such buildings must be designed for
appropriate seismic forces using the R factor specified in Chapter 3.
If the R factor for reinforced masonry is used, the appropriate provi-
sions of Ref. 12.6 are required as indicated in Sec. 12.3 Reference
12.6 is required for all buildings in Class B.2
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