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BUILDING SEISMIC SAFETY COUNCIL

The Building Seismic Safety Council (BSSC) s an {Independent, voluntary body that was
established under the auspices of the Natlonal Institute of Buflding Sciences (NIBS) in
1979 as a direct result of nationwide Interest in the selsmic safety of bulldings. Its
membership (see inside back cover) represents a wide variety of building community in-
terests. [ts fundamental purpose Is to enhance public safety by providing a national forum
that fosters improved seismic safety provisions for use by the bullding community in the
pianning, design, construction, regulation, and utilization of bulldings.: To fulfill fits
purpose, the BSSC:

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

@ Recommends, encourages, and promotes the adoption of appropriate sefsmic safety
provisions in voluntary standards and model codes;

® Assesses progress (n the implementation of such provisions by federal, state, and
local regulatory and construction agencies;

@ Identifies opportunities for improving seismic safety regulations and practices
and encourages public and private organizations to effect such improvements;

e Promotes the development of training and educational courses and materials for use
by design professionals, builders, bullding regulatory officials, industry repre-
sentatives, other members of the building community, and the public;

® Advises government bodies on thelir programs of research, development, and imple-
mentation; and

® Perfodically reviews and evaluates research findings, practices, and experience
and makes recommendations for incorporation into seismic design practices.

The BSSC’s area of interest encompasses all buflding-type structures and includes explicit
consideration and assessment of the social, technical, administrative, political, legal,
and economic implications of its deliberations and recommendations. [t belfeves that the
achievement of its purpose is a concern shared by all in the public and private sectors;
therefore, its activities are structured to provide all interested entities (for example,
government bodies at all levels, voluntary organizations, business, industry, the design
profession, the construction industry, the research community, and the general public) with
the opportunity to participate. The BSSC also believes that the regional and local differ-
ences in the nature and megnitude of potentially hazardous earthquake events require @
flexible approach to selsmic safety that allows for consideration of the relative risk,
resources, and capabilities of sach community.

The BSSC is committed to continued technical Iimprovement of seismic design provisions,
assessment of advances in engineering knowledge and design experience, and evaluation of
earthquake impacts. It recognizes that appropriate earthquake hazard reduction measures
and initiatives should be adopted by existing organizations and institutions and incor-
porated, whenever possible, into their legislation, regulations, practices, rules, codes,
relief procedures, and loan requirements so that these measures and initisti{ves become an
integral part of established activities, not additional burdens. The BSSC itself assumes
no standards-making and/or -promulgating role; rather, it advocates that standards-formula-
tion organizations consider BSSC recommendations for inclusion Into their documents and
standards.
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NOTICE: Any opinions, 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
assume any legal liability or responsibility for the accuracy, com-
pleteness, or usefulness of any information, product, or process in-
cluded in this publication.

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

Building Seismic Safety Council reports include the following:

Abatement of Seismic Hazards to Lifelines: Proceedings of the Building
Seismic Safety Council Workshop on Development of an Action Plan,
6 volumes, 1987

Action Plan for the Abatement of Seismic Hazards to New and Existing
Lifelines, 1987

Guide to Use of the NEHRP Recommended Provisions in Earthquake-Resis-
tant Design of Buildings, 1985 Edition, 1987

Improving the Seismic Safety of New Buildings: A Community Handbook of
Societal Implications (Revised Edition) and Societal Implications:
Selected Readings, 1986

Improving the Seismic Safety of New Buildings: A Non-Technical Ex-
planation of the NEHRP Recommended Provisions, 1986

NEHRP (National Earthquake Hazards Reduction Program) Recommended
Provisions for the Development of Seismic Regulations for New
Buildings, 1988 Edition, 1988

Seismic Considerations: Elementary and Secondary Schools, 1987

Seismic Considerations: Health Care Faclilities, 1987

Seismic Considerations: Hotels and Motels, 1987

Seismic Considerations: Apartment Buildings, 1988

Seismic Considerations: O0ffice Buildings, 1988

For further information concerning any of these documents, contact the
Executive Director, Building Seismic Safety Council, 1015 15th St.,
N.W., Suite 700, Washington, D.C. 20005.

An Actlion Plan for Reducing Earthquake Hazards of Existing Builldings
(1985) and Proceedings: Workshop on Reducing Seismic Hazards of Exist-
ing Buildings (1985) were developed by the ABE Joint Venture (conducted
by the Applied Technology Council, Building Seismic Safety Council, and
Earthquake Engineering Research Institute) and are available from FEMA,
Earthquake Programs, Washington, D.C. 20472,
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NOTE

Those portions of the 1988 Edition of the
Provisions that are substantively different
from the 1985 Edition are {identified in the
margins as follows:

Additions
or
Revisfons
Deletions <«

Not highlighted are editorial changes and the
terminology  changes required because of the
change in Seismic Performance Category
designations (from A, B-1, B-2, C, and D to
A, B, C, D, and E) and the replacement of the
"Seismicity Index" with explicit citations of
velocity-related acceleration (A,).

A summary of the differences between the 1985
and 1988 Edition of the Provisions {is pre-
sented as Appendix B of this Commentary
volume.







Chapter 1 Commentary
GENERAL PROVISIONS

Chapter 1 provides general requirements for applying the analysis and
design provisions contained in Chapters 3 through 12 of the NEHRP
Recommended Provisions. 1t is similar to what might be incorporated in
a code as administrative regulations.

Although Chapter | 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 Provisions, 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 cf performance.

It is important to note that the NEHRP Recommended Provisions is in-
tended to serve as a source document for use by any interested member
of the buflding community. Thus, some users may alter certain informa-
tion within the Provisions (e.g., the determination of which use groups
are included within the higher Seismic Hazard Exposure Groups might
depend on whether the user concluded that the generally more-demanding
decign requirements were necessary). It is strongly emphasized, how-
ever, that such "tailoring” should 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.

Further, it should be remembered that the NEHRP Recommended Provisions
is national in scope and presents minimum criteria. It is not intended
to, nor does it Justify, any reduction in higher standards that have
been locally established, particularly in areas of highest sefsmicity.

Reference 1s made throughout the document to decisions and actions that
are delegated to unspecified authorities referred to as the "Regulatory
Agency." The document is intended to be applicable 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 estab-
1ish standards and approval systems to accommodate the use of the
document for development of a regulatory system. A good example of
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Sec. 1.1

this is in Sec. 1.5, "Alternate Materials and Methods of Construction,”
where the need for well-established criteria and systems of testing and
approval are recognized even though few such systems are in pltace. In
some instances, the decision-making mechanism referred to 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; in still others, the decisions may be
the province of a state or local policy-making body. The term "Regula-
tory Agency" has been used to apply to all of these entities.

A good example of the need of keeping such generality in mind is pro-
vided 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 Archi-
tect, a state-level office that does not exist in many other states.

1.1 PURPOSE

The goal of the NEHRP Recommended Provisions is to present criteria for
the design and construction of buildings subject to earthquake ground
motions in order to minimize the hazard to life for all buildings, to
increase the expected performance of higher occupancy structures as
compared to ordinary structures, and to improve the capability of
essential facilities to function during and after an earthquake. The
primary function of the Provisions is to provide the minimum criteria
consfidered prudent and economically justified for the protection of
life safety in buildings subject to earthquakes at any location in the
United States. The Provisions have been extensively reviewed and
balloted by the building community and, therefore, are a proper source
for the development of building codes in areas of seismic exposure.:

Some design standards go farther than these provisions and attempt to
minimize damage as well as protect building occupants. For example,
Title 17 and Title 21 of California’s Administrative Code have added
property protection in relation to the design and construction of
hospitals and public schools. The NEHRP Recommended Provisions docu-
ment generally considers property damage as 1t relates to occupant
safety for ordinary buflidings. For high occupancy and essential
facilities, the damage limitation criteria are more strict in order to
better provide for the safety of occupants and the continued function-
ing of the facility. Some structural and nonstructural damage can be
expected as a result of the "design ground motions™ because these
provisions allow fnelastic energy dissipation by utilizing the defor-
mability of the structural system. For ground motions in excess of the
design levels, the fintent is that there be a low likelihood of col-
lapse.

It must be emphasized that absolute safety and no damage even in an
earthquake event with a reasonable probability of occurrence cannot be

2




Sec. 1.1

achieved economically. The objective of these provisions is therefore
to present the minimum requirements to provide reasonable and prudent
l1ife safety for buflding occupants. For most structures designed and
constructed according to the Provisions, it is expected that structural
damage from even a major earthquake would likely be repairable; how-
ever, this would depend upon a number of factors including the type,
materials, and details of construction actually used.

Because of the complexity of and the great number of variables involved
in seismic design (e.g., the dynamic characteristics of the structure
and the variability in ground motion, intensity of the earthquake,
distance to the epicenter of the seismic disturbance, and soil type),
these provisions detall only the minimum criteria in general terms.
Thus, the experienced structural engineer is relied upon to exercise
Judgment in interpreting and adapting the basic principles to a specif-
fc project.

The Provisions are applicable in all sections of the United States
exposed to earthquake ground motions because the "design earthquake"
ground motions are based on an estimated 90 percent probability of not
being exceeded in a S0-year period. This is in keeping with that
provided for other natural hazards such as wind, snow, and floods.
However, it must be emphasized that larger earthquakes are possible and
may occur during the life of a structure.

In some areas, the "probable" and the "maximum intensity" earthquake
are approximately the same, but this iIs not true in many other earth-
quake-prone parts of the country. In the central and eastern United
States, the "maximum intensity" earthquake often may be two or more
times larger than the "probable" earthquake. Although the probability
of the "maximum" event’s occurring during a structure’s life is very
small, it can nevertheless occur at any time and most certainly will
occur sometime in the future. In order to quantify this possibility,
two sets of maps are presented, one set giving accelerations and
velocities with 90 percent probabilities of not being exceeded in 50
years and another set giving accelerations and velocities with 90
percent probabflities of not being exceeded in 250 years. Use of these
maps will help regulatory agencies to rationally appraise the pos-
sibility that larger earthquakes will occur and to modify the Provi-
sions accordingly. Alternative actions could include obtaining a
speciffc site evaluation, f{gnoring the recommended "cap" level, or
using the longer structural life risk level map as the case may be.

Where damage control is desired, the design must provide not only
sufficient strength to resist the specified seismic loads but also must
provide the proper stiffness to 1imit the lateral deflection. Damage
to nonstructural elements may be minimized by proper limitation of
deformations; by careful attention to detail; and by providing proper
clearances for exterior cladding, glazing, partitions, and wall panels.
The nonstructural elements can be separated or floated free and al lowed

3
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Sec. l.1/Sec. 1.2

to move independently of the structure. If they are tied rigidiy to
the structure, these elements should be protected from deformations
that can cause cracking; otherwise, one must expect such damage. It
should be recognized, however, that major earthquake ground motions can
cause deformations much larger than the specified drift limits in these
provisions.

Where prescribed wind loading governs the stress or drift design, the
resisting system must still conform to the special requirements for
seismic systems. This is required in order to resist, in a ductile
manner, potential seismic loadings in excess of the prescribed loads.

The proper continuous load path is an obvious design requirement for
equilibrium, but experience has shown that it often is overlooked and
that significant damage and collapse can result. The basis for this
design requirement is twofold:

@ To ensure that the design has fully identified the particular
lateral force resisting system and its appropriate design
level and

e To allow the design basis to be fully identified for the
purpose of future modifications or changes in the structure.

Detailed requirements for selecting or identifying and designing this
load path are given in the appropriate design and materials chapters.

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:

e Buildings for agricultural use are generally excepted by most
regulations from code requirements because of the excep-
tionally low risk to tife involved.

e Normal one- and two-family dwellings in areas with the coef-
ficient A, less than 0.15 (v less than 12 for the "Appendix to
Chapter 1") are excepted because they represent exceptionally
low risks (see Sec. 1.4.1).

Existing bufldings, except additions thereto or changes of occupancy
therein, are not within the scope of the Provisions. FEMA is currently
(1988) sponsoring work on the mitigation of the selsmic hazard to
existing buildings; for information, write FEMA, Earthquake Programs,
Washington, D.C. 20472.




Sec., 1.2/Sec. 1.3.2

Many other types of structures require seismic design procedures that
are beyond the scope of these provisions. Structures such as power
plants, bridges, dams, retaining walls, docks, and off-shore platforms
require special design criteria. When a particular structure is not
within a group treated by these provisions, the structural engineer
must establish criteria to suit the special requirements for perfor-
mance and reliability.

These provisions are not written to prevent damage due to earth slides
(such as those that occurred in Anchorage, Alaska) or to liquefaction
(such as occurred in Niigata, Japan). They provide for only minimum
required resistance to earthquake ground-shaking, without settlement,
slides, subsidence, or faulting in the immediate vicinity of the struc-
ture.

1.3 APPLICATION OF PROVISIONS

The requirements for application of the provisions in Chapters 2
through 12 to new buildings, additions to existing buildings, and
change of use are established in this section.

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 integrity of such structures, it is felt that
the requirements of Sec. 9.3 and 9.7 are adequate to provide the safety
required based on the history of such frame construction--especially
low structures--in earthquakes.

1.3.2 Additions to Existing Buildings
Requirements for additions--both horizontal and vertical--are written
on the basis that the Provisions do not include criteria for altera-

tions and repairs to existing buildlngs.l

This section has been included to cover specifically the cases where
additions are made to existing bufldings. The intent is that the addi-

IThe 1985 Edition of these NEHRP Recommended Provisions included a
third part that presented provisions covering existing buildings.
These provisions were developed by the Applied Technology Council (ATC)
and published in ATC Report 3-06, Tentative Provisions for the Develop-
ment of Seismic Regulations for New Buildings (1978). They were {in-
cluded with the 1985 Edition only as guidance for those interested in
existing buildings.
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tion as well as the existing building be made to comply with the
Provisions unless the addition is structurally independent of the
existing building. Where the addition is not independent of the
existing building, this section permits an increase of up to 5 percent
of the mass contributing to seismic forces in any elements of the
existing building without bringing the entire building into conformance
with this document.

1.3.3 Alterations, Repalirs, and Change of Use

Although the Provisions do not apply to the alteration or repair of
existing buildings, it is strongly recommended that changes to an
existing building:

1. Should not reduce the lateral force resistance of the build-
ing,

2. Should provide for the seismic forces required by the Provi-
sions, or

3. Should comply with legally adopted provisions regulating the
repair and rehabilitation of existing buildings as related to
earthquake resistance.

When a change in use results in a change to a higher Seismic Hazard
Exposure Group, the building must be made to conform to the Provisions
for the new Seismic Hazard Exposure Group.

1.4 SEISMIC PERFORMANCE

The requirements for analysis and design of bulldings presented in the
Provisions 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 retationship primarily reflects con-
cern for life safety and, therefore, the degree of exposure of the
public to hazard based on the measure of risk.

The purpose of Sec. 1.4.1 and 1.4.2 fs to provide the means for estab-
lishing a measure of seismic 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
procedures are required (Sec. 1.6), is fidentified. This key is the
Seismic Performance Category of Table 1-2 (Table 1A-2 for the "Appendix
to Chapter 1").
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1.4.1 Design Ground Motions

This portion of the Commentary provides the background for Sec. 1.4.1
as well as for the seismic design coefficient, Cgy» in Sec. 4.2.

There are several reasons why the earthquake ground-shaking for design
cannot be achieved solely by following an agreed-upon set of scientific
principles:

l. The causes of earthquakes are not yet fully understood, and
experts do not agree on how the knowledge that is available
should be interpreted to specify ground motions for use in de-
sign.

2. To achieve workable building code provisions, it is necessary
to simplify greatly the enormously complex matter of earth-
quake occurrence and ground motions.

3. Any specification of design ground-shaking implies a bal-
ancing of the risk of that motion’s occurring against the cost
to society of requiring that structures be designed to with-
stand that motion.

Hence, judgment, engineering experience, and political wisdom are as
necessary as science. In addition, the design ground-shaking does not
by iftself determine how a structure will perform during a future earth-
quake; 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 judgment of several committees that
prepared the original 1978 ATC report, based upon the best scientific
knowledge available in 1976, adjusted and tempered by experience and
Judgment. It was expected, however, that the maps and coefficients
would change with time as the profession gained more knowledge about
earthquakes and their resulting ground motions and as society gained
greater insight into the process of establishing acceptable risk. The
first significant such changes are included in the "Appendix to Chapter
1" in the 1988 Editfon of the Provisions. This appendix, which in-
cludes new maps and necessary adjustments in coefficients for the use
of those maps, is discussed in the final section of this "Chapter 1
Commentary." The remainder of this section strives to explain the
bases for the various original recommendations as a gufide both to the
user of the Provisions and to those who will continue to improve the
Provisions in the future; it does not address the "Appendix to Chapter

1«7
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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 decisfon was that the distance from anticipated earthquake
sources should be taken into account. This decision reflects the
observation that the higher frequencies in ground motion attenuate more
rapidly with distance than the lower frequencies. Thus, at distances
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 affecting the maps was that the probability
of exceeding the design ground-shaking should be roughly the same in
all parts of the country. Thus, the NEHRP Recommended Provisions maps
are different from other zoning maps used in the United States that
have been based on estimates of the maximum ground-shaking experienced
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 probability of ground
motion occurrence can be estimated with today’s knowledge and disagree-
ment 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 faflures with resultant casualties that is of
concern, and the geographical distribution of that probability is not
necessarily the same as the distribution of the probability of exceed-
ing some ground motion. (This point is discussed further below under
"Implied Risk.") Thus, the goal as stated is not necessarily the ideal
goal but is Jjudged 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 Iintense motion that might concefvably occur at
a location. This is not a new idea for past codes implied the same
thing; however, it does seem wise to state the matter very clearly: It
is possible that the design earthquake ground-shaking might be exceeded
during the life of the structure--although the probability of this
happening is quite small. In this respect, several points must be
emphasized:

@ 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 {s a particularly
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severe penalty associated with the failure or nonfunctioning
of the structure.

e A building properly designed for a particular ground motion
will provide considerable protection to the 1i1ves of occupants
during a more severe ground motion.

@ Even if it were desirable to design for the "extreme" or
"maximum credible"™ ground motion, it is not yet possible to
get agreement on how Intense this motion might be. This is
especially true for the less seismic portions of the country.

The third important policy decision, which also is not new, was that
the regionalization maps should not attempt to microzone (i.e., there
was to be no attempt to locate actual faults on the regionalization
maps, and variations of ground-shaking over short distances--on a scale
of about 10 miles or less--were not to be considered). Such micro-
zoning must be done by experts who are familiar with localized condi-
tions, and there are many local jurisdictions that should undertake it,
a point that is discussed further below.

Design Earthquake Ground Motion

The previous discussion referred to "design ground-shaking" without
being specific as to the meaning of the phrase. Precise definition is
difficult if not impossible but the concept is straightforward 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
that is to provide protection for 1ife safety.

At present, 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 in the development of the regional-
fzation maps and to include 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
periods the ordinates of the design elastic response spectrum for that
location. Again, this statement should be looked upon as a general
goal and not as one that can be strictly met on the basis of present
know! edge.

This does not mean that a building must necessarily be designed for the
forces implied by an elastic response spectrum. Later in this discus-
sion it will be explained how, for purposes of the Provisions, elastic
response spectra were converted into a formula for seismic design coef-
ficient. For structures that can safely strain past their yleld point,

9
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the forces determined 1n accordance with Sec. 4.2 are significantly
smaller than those that would be determined from the corresponding
elastic spectrum. However, the design engineer should keep the prob-
able design ground motion in mind.

A smoothed elastic response spectrum {s 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-
shaking is not a single motion but rather a concept that encompasses a
family of motions having the same overall {ntensity and frequency
content but differing In some potentially important detallis of the time
sequences of motions.

A significant deficiency of the response spectrum is that it does not
by fItself say anything about the duration of the shaking. To the
extent that duration affects elastic response, it Is accounted for by
the spectrum. However, the major effect of duration is upon possible
loss of strength once a structure ylelds. Although duration effects
were not considered explicitly in drawing up the Provisions, in a
general way it was envisioned that the design ground-shaking might
have a duration 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 assign-
ment of Seismic Performance Categories in Sec. 1.4.

Ground Hotion Parameters

In developing the design provisions, two parameters were used to char-
acterize the iIntensity of design ground-shaking. These parameters are
called the Effective Peak Acceleration (EPA), Ag» 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.

EPA and EPV can best be understood by considering them 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 for periods in the range of 0.1 to
0.5 second while the EPV is proportional to spectral ordinates at a
perfod of about | second (McGuire, 1975). The ratfo (for a 5 percent
damped spectrum) of the spectral response ordinate at the appropriate
period to the EPA or the EPV is set at a standard value of 2.5 in both
cases.

10




Sec, 1.4.1 (Ground Motion Parameters)

For a specific actual ground motion of normal duration, EPA and EPV can
be determined as f{llustrated in Figure Cl-l. The 5 percent damped
spectrum for the actual motion is drawn and fitted by straight lines
at the periods mentioned above. The ordinates of the smoothed spectrum
then are divided by 2.5 to obtain EPA and EPV. The EPA and EPV thus
obtained are related to peak ground acceleration and peak ground
velocity but are not necessarily the same as or even proportional to
peak acceleration and velocity.
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FIGURE Cl-1
Schematic representation showing how EPA and EPV
are obtained from a response spectrum.

When very high frequencies are present in the ground motion, the EPA
may be significantly less than the peak acceleration. This is consis-
tent with the observation that chopping off the highest peak in an
acceleration time history has very little effect on the response
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 (McGuire,
1975). Ground motions increase in duration and become more periodic
with distance. These factors will tend to produce proportionally
larger Increases in that portion of the response spectrum represented
by the EPV.

11
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If an earthquake is of very short or very long duration, it is neces-
sary to correct the EPA and EPV values to more closely represent the
event. It is well documented that two motions having different dura-
tions but similar response spectra cause different degrees of damage,
the damage being less for the shorter duration. In particular, there
have been numerous finstances where motions with very large accelera-
tfons and short durations have caused very little or even no damage.
Thus, when expressing the significance of a ground motion to design, it
ifs 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 Jjudg-
ment.

Thus, the EPA and EPV for 8 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 bufliding. :

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, Ag and A,
respectively. Ay is numerically equal to EPA when EPA is expressed 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." !

Map for EPA

The development of a map for EPA for the contiguous 48 states was
facilitated by the work of Algermissen and Perkins (1976). Their map
(Figure Cl1-2) {s based on the principles of seismic risk (Cornell,
1968; Algermissen and Perkins, 1972).

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

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

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

12
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FIGURE C1-2

Sefsmic risk map developed by Algermissen and Perkins.
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@ Attenuation laws are used to give the intensity of shaking as
a function of magnitude and distance from an epicenter.

e 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 proba-
bilities of receiving specific intensities of ground-shaking.

Algermissen and Perkins relied primarily on historical seismicity ad-
justed, where possible, by geological and tectonic information. The
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 Cl-3. (This map was later con-
verted into the map in Figure |I-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 solls 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 @ map such as the Algermissen-Perkins map to the purposes
of the Provisions, it was necessary to Judge how acceleration as used
in thelr 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 Atlantic 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. Also studied were other proposed maps--prepared from
data i{n Culver et al. (1975) and published by Wiggins et al. (1977),
fFoss (1977), and others, using similar principles but different inter-
pretations of historical seismicity and geological evidence. 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 consis-
tency of the Algermissen-Perkins map but was judged to provide the
best current estimate of the geographic variation of EPA for purposes
of design.

Perhaps the most significant difference between Figures Cl1-2 and Cl1-3
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 sever-
al reasons for this difference, all contributing to the decision to

14
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FIGURE C1-3

Contour map for effective peak acceleration (EPA) coefficient, Ag.
for the continental United States.

Note that the numbers on the contours are values of EPA in units of acceleration or
gravity. They were used to prepare Figure 1-1 in Chapter 1 of the Provisions.
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limit EPA to 0.4g. One factor is the basic difference between peak
acceleration and EPA. There is doubt among many professionals that
large earthquakes 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.

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

[t 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 solid geological
evidence that this rather short period of history might be misleading,
this evidence was incorporated into the source model. This approach
means that areas which have not experienced significant earthquakes
during the historical period, and for which there is no solid geologi-
cal basis for suspecting that such earthquakes might occur 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 geological and seismological
studies did lead to the EPA being increased in some parts of the
country where the historical record alone would indicate low seis-
micity.

Critics of the seismic risk approach rightfully argue that the his-
torical 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
earthquake has Jjust occurred in an area does not make it less likely
that a8 large earthquake will occur next year. In 1ight of current
understanding of earthquake occurrences, this assumption is of 1imited
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FIGURE Cl-4
Contour map for effective peak acceleration (EPA) coefficient, Ag,
for Alaska, Hawaii, and Puerto Rico.
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validity. However, at present there is no workable alternative ap-
proach to the construction of a seismic design regionalization map that
comes close to meeting the goal of the second policy decision.

Map for EPV

No general mapping study fis currently available 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 expressed in units 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 (Ay)
that is an acceleration coefficient. This parameter is referred to as
velocity-retlated acceleration coefficient. Figures Cl-5 and Cl-6 show
contours of A,,. The relationship between EPV and A, is as follows:

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 below, was
obtained from analyses of actual strong motion records at distances of
20 to 50 miles from moderate to large earthquakes in California. If
EPA = 0.4g, it is necessary to have EPV = 12 inches per second to
construct this spectrum.

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 California
has provided data concerning the attenuation of EPV with distance. For
an earthquake of large magnitude, it was found that the distance re-
quired 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 0.2g9, corresponding to EPV = 6
inches per second, the next contour for EPV = 3 inches per second was
located about 80 miles away.

18
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FIGURE CI1-5

Contour map for effective peak velocity-related acceleration (EPV)
coefficient, Ay, for the continental United States.

Note that the contours show values of Ay for use in Eq. Cl-1.
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ALASKA

HAWAL | PUERTO RICO

FIGURE C1-6
Contour mep for effective peak velocity-related acceleration (EPV)
coefficient, Ay, for Alaska, Hawaii, and Puerto Rico.
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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
earthquake 1s related to modified Mercalli intensity (MMI). It was
further assumed that the logarithm of EPV would be linearly propor-
tional to MMI. Data from large earthquakes in California suggested
that MMI decreased roughly linearly with distance, which would trans-
late into EPV continuing to halve at equal increments of distance.
Thus, the contours subsequent to those located as described above also
were spaced at about 80 miles.

For the Midwest and East, it was necessary to rely entirely on informa-
tion about the attenuation of MMI (Bollinger, 1976). It appears that
MMI decays logarfithmically 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 contour 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.

In all cases, it was stipulated that a contour for EPV should never
fall inside the corresponding contour for EPA. For example, the loca-
tion of the contour for EPV = 3 inches per second {n southcentral
I1linois 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 Jjoined where
they fell close together. These steps were taken in light of the
rather meager knowledge available about EPV at the time.

It 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 Cl-5. The maps In Figures Cl-5 and
Cl1-6 were deemed to be 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 50-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, the risk may not be the same at all locations. It is
believed that this probability of not being exceeded is in the range
of 80 to 90 percent. The use of a 50-year interval to characterize the
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)

probability {s 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
Algermissen 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 probability of not being exceeded can be translated into other quan-
tities such as mean recurrence interval and average annual risk. A 90
percent probability of not being exceeded in a 50-year interval is
equivalent 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 {f averaged over very long periods of time--tens
of thousands of years. In particular, a mean recurrence interval or
return period of 475 years does not mean that the earthquake 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 likelihood that such an event will occur.

Figure Cl1-7, 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 C1-3. At this
location, there is sbout a 60 percent probability that an EPA of 0.lg
will not be exceeded during a 50-year interval. Similarly, there is 98
percent probabitity 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 especlally 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.

The probabllity 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 uncertalinty in spectral
ordinates, given the EPA and EPV. Thus, the probability that the
ordinates of the design elastic response spectrum will not be exceeded
during a 50-year interval is also roughly 90 percent, at least in the
general range of 80 to 95 percent.
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Sec. 1.4.1 (Risk/Design Elastic Res néé Spectra
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Design Elastic Response Spectra

It is generally agreed that the characteristics of ground-shaking and
the corresponding spectra are influenced by:

® The characteristics of the soil deposits underlying the pro-
posed site,

@ The magnitude of the earthquake producing the design ground
motions,

® The source mechanism of the earthquake producing the ground ‘
motions, and ‘
|

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

Although it is conceptually desirable to specifically consider all four \
factors, it is not now possible to do so because adequate data are
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Sec. 1.4.1 (Design Elastic Response Spectra/Site Conditions)

lacking. Sufficient information is available to characterize in a
general way the effects of specific soil conditions on EPA and spectral
shapes. The effects of the other factors are so little understood at
this time that they often are not considered in spectral studies.
However, detailed spectral studies have shown that large portions of
the response spectra can be closely represented using a scaling propor-
tional 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 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 delineated 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. 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.
The ATC study (1978) that generated the preliminary version of the
Provisions resulted in the use of three Soil Profile Types that were
considered in the late 1970s to be different enough in seismic response
to warrant separate seismic coefficients (s factors).

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

1. Soil Profile Type S

a. Rock--of any characteristic whether it be shale-like or
crystalline in nature. As a general rule, such material
is characterized by a shear wave velocity greater than
about 2,500 fps.

b. 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 deposits of sands, gravels, or
stiff clays.




Sec. 1.4. Site Condition ctral Shapes
2. Soil Profile Type.So

Deep cohesionless or stiff clay soil conditions--including
sites where the soil depth exceeds about 200 feet and the sofl
types overlying rock are stable deposits of sands, gravels, or
stiff clays.

3. Soil Profile Type S3

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.

Experience from the September 1985 Mexico City earthquake (see the
discussion below), however, has prompted the addition of a fourth Sofl
Profile Type, S4» for profiles with over 70 feet of soft clays or silts
characterized by shear wave velocity of less than 400 fps.

Effective Peak Accelerations for Different Site Conditions

Based on the use of the four different site conditions grouped into the
original three sofl profiles outliined above, the values of EPA for
rock conditions were modified to determine corresponding values of
effective peak ground acceleration for the 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 further modified as follows: For the first
three soil types--rock, shallow stiff sofls, and deep cohesionless or
stiff clay solls (Soil Profile Types S; and Sp)--there s no reduc-
tion. For the fourth soil type--soft to medium clays (Soil Profile
Type S3 and the new S4)--a reduction factor of 0.8 is used. It should
be pointed out that statistical data show that the reduction effect is
not constant for all ground motion levels and the value of the reduc-
tion factor is generally smaller than is recommended here.

Spectral Shapes

Spectral shapes representative of the different soil conditions dis-
cussed above were selected on the basis of a statistical study of the
spectral shapes developed on such sofls close to the seismic source
zone Iin past earthquakes (Seed et al., 1976a and 1976b; Hyashi et al.,
1971).
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Sec. 1.4.1 (Spectral Shapes)

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 Cl-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 conditions
leading to the normalized spectral curves shown in Figure Cl1-9. The
curves in this figure thus apply to the three soil conditions in the
original provisions, and a line for the new Type S4 has been added.

The four conditions corresponding to the four lines are described as
follows:

e Soil 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 conditions where the soil depth is
less than 200 feet and the soil types overlying rock are
stable deposits of sands, gravels, or stiff clays.

4 T T T T T

SPECTRA FOR 5% DAMPING

3r ~ SOFT TO MEDIUM CLAY & SAND =
‘/// DEEP COHESIONLESS SOIL

STIFF SITE CONDITIONS
ROCK

SPECTRAL ACCELERATION
MAXIMUM GROUND ACCELERATION

0 L 1 1 o | 1 om)
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FIGURE C1-8
Average acceleration spectra for
different site conditions (Seed et al. 1976a and 1976b).
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Sec. 1.4.1 (Spectral Shapes)
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FIGURE C1-9
Normal ized response spectra recommended for use in bullding codes.

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

e Soll 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 intervening layers of sand or other cohesion-
less solls.

e Soll Profile Type S4--Soft clays or silts greater than 70 feet
in depth and characterized by a shear wave velocity of less
than 400 feet per second.

Recommended ground motion spectra for 5 percent damping for the differ-
ent map areas are thus obtained by multiplying the normalfzed 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
or S4 exists. The resulting ground motfon 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
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Sec. l.4.1 (Spectral Shapes

period range of about 1 second are horizontal or equivatent to a con-
stant spectral velocity.
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Ground motion spectra for Map Area 7 (Ag = 0.4).
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Sec. 1.4.1 (Spectral Shapes/Mexico City 1985 Experience)

The use of a simple soil - factor to produce the different curves in
Figure Cl1-10 produces a direct approximation of the effect of local
site conditions on the design requirements. This direct method elim-
inates the need for estimation of a predominant site period and com-
putation of a soil factor based on the site period and the fundamental
period of the building.

The spectral velocity values are proportional to the values of A, given
on the map for EPV. For close-by motions represented by the innermost
contours on the maps, spectra such as those shown on Figure Cl-10 and
Cl-11 are applicable. Where the two contour values (A5 and Ay) differ,
the portion of the response spectrum controlled by the velocity shouid
be increased in proportion to the EPV value and the remainder of the
response spectra extended to maintain the same overall spectral form.
An example of this is shown on Figure Cl1-12 where the response spectra
for Las Vegas and a site in South Carolina are compared. 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 C1-9 and Cl1-10 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.

Mexico City 1985 Experience

In September 1985, Mexico City was shaken by a great earthquake that
was centered some 400 km to the southwest. The shaking experienced in
Mexfico City during this event varied markedly depending on the subsur-
face soils conditions. This shaking was most intense within a region
underlain by an ancient dry lake bed composed of soft clay deposits.
The recorded motion was very long (nearly 2 minutes). Furthermore, a
sfgnificant segment of these long-duration motions exhibited nearly
harmonic motions with a périod of about 2 seconds. As a result, the
spectral amplitudes of the lake bed motions in this period range were
very large and, in fact, were much greater (by factors of 15 to 20)
than the corresponding spectral amplitudes from rock site motions
recorded at comparable epicentral distance.

The most significant damage induced by this earthquake was confined to
the lake bed region and occurred in 5- to 15-story buildings with
small-strain natural periods of about 0.8 to 1.0 second. As the
elements of such buildings began to crack and yield during shaking, the
period of the buildings began to lengthen. As this lengthening period
approached the 2-second period of the dominant ground motions, the
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Sec. 1.4.1 (Mexico City 1985 Experience)

structural response progressively intensified as it entered into
resonance with the underlying sofl response. Further, the long dura-
tion of the nearly harmonic ground-shaking provided ample time for this
resonance condition to develop and caused the buiidings to undergo
many cycles of intense shaking. This, in turn, led to a progressive
increase in building damage and, in many cases, to eventual collapse.
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FIGURE C1-12
Examples showing variation of ground motfon spectra
in different tectonic regions.
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Sec. 1.4.1 (Mexico City Experience/Lateral Design Force Coefficients

Because of the similarity of the soft clay deposits in Mexico with
those of certaln Soil Profile Type S4 areas in California, there is
concern about the possible occurrence of extensive damage to structures
on such deposits due to resonance-type response characteristics similar
to those described above. Therefore, special dynamic analysis pro-
cedures have been adopted for certain classes of structures judged to
be susceptible to such damage. The purpose here is to define the
conditions for which these special analysis procedures are to be
applied.

From the evaluation of the observed damage in Mexico City it is judged
that damage to structures on Type S4 soils is unlikely if the natural
period of the structure is short compared to that of the site. There-
fore, structures with natural periods of less than 0.5 seconds have
been excluded as candidates for these special analysis procedures. In
addition, the occurrence of the resonance-type response due to progres-
sive lengthening of the structural period was judged to be dependent on
the ratfo of this period, T, to the characteristic site period, Tg, as
determined from a site response analysis. Based on the Mexico City
experience, it has been determined that this resonance-type response is
most likely for buildings having calculated periods equal to or greater
than 0.7 second and that dynamic analysis is required for such build-
ings to properly evaluate the related effects of S4 soil conditions for
the longer period buildings.

A 0.7-second calculated building period is comparable to the calculated
predominant soil period for S4 soils considered as a single layer
system using the formula:

T = 4H/Vg

soil
with H = 70 feet and Vg4 = 400 feet per second.

Lateral Design Force Coefficients

The equivalent lateral force method of design requires that a horizon-
tal force be accommodated in the structural design. The magnitude of
this force Is a function of several parameters including the map area,
the type of site soil profile, the fundamental perfod of the building,
and the type of bullding construction.

In a design provision or code, it fs distinctly advantageous to express
the lateral design force coefficient In as simple a manner as pos-
sible. 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, (C1-1)




Sec. 1.4.1 (Lateral Design Force Coefficients)

The value of Cg need not exceed 2.5 Ay/R. For Type S3 soils when A5 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 3-1 as follows:

Type S Factor
S 1.0
So 1.2
S3 1.5
S4 2.0

Curves for these relations are plotted in Figure Cl-13. The curves are
not precisely the same as the spectral shapes in earlier figures. 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 weighting 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 in-
crease should gradually reduce as the building period shortens.
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FIGURE Ci-13
Normal ized lateral design force coefficients (Ag = A, = 1.0).
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Sec. 1.4.1 (Lateral Design Force Coefficients/County-by—County Maps)

A comparison between the lateral design force coefficients and the
free-field ground motion spectra is shown on Figure Cil-14.
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FIGURE Cl1-14
Comparison of free-fleld ground motion spectra
and lateral design force coefficients.

In the application of these recommendations the values of Az 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 lateral force equation, the respective
curves of CgR for shallow stiff soil sites for several cities are shown
on Figure Cl-15.

County-by-County Haps

It generally is recognized that the exposure to seismic hazard de-
creases as the distance from an active seismic region increases. It
was in recognition of this.simple premise that abandonment of the broad
uniform zoning then being considered was one of the first recommenda-
tions made during the ATC project leading to the preliminary version of
the Provisions. This recommendation suggested that seismic zoning
should be on the basis of the contours shown on Figures Cl1-3 through
Cl-6 with Interpolation being used to obtain values between the contour
levels. It soon became apparent, however, that Interpolation by the
user might produce some difficulties In coastal areas and along the
international borders (where interpolation would require extension of
the contours beyond national boundaries). These difficulties, combined
with the problem of defining a simple interpolation procedure with no
ambiguity, led to an alternate method of producing zoning maps--the use
of Map Areas with specified values of Ay or Ay, with boundaries along
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Sec. 1.4.1 (County-by-County Maps
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FIGURE C1-15
Representative design coefficient curves
for Soll Type S; in four different locations.

those of political Jjurisdictions. The simplest form of subdividing
the contiguous states was to use county boundaries. This decision was
reviewed and eventually reversed by the BSSC primarily because the
county zone procedure is particularly cumbersome iIn the West. However,
because both county-by-county maps and contour maps are available, both
continue to be published. Future maps (including those in the "Appen-
dix to Chapter 1") will be in contour form printed over a county line
backgound.

Either the county-by-county seismic design regionalization maps pre-
sented in Chapter | of the Provisions as figures 1-1 and 1-2 or the
contour maps in Figures 1-3 and 1-4 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 values of 0.3 and
0.15, which are listed in Table l-1 but are not shown on Figures Cl-3
and Cl-5. It can be seen that the procedure of assigning the same
value throughout a county produces discontinuities in some areas of the
map. As indicated above, it is strongly recommended that local juris-
dictions with better definition of the earthquake hazard consider
microzonation of those counties that are at discontinuities on the
county-by-county maps.
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Sec. 1.4.1 (Seismicity Index/Building Cost Implications)
Seismicity Index

A Seismicity Index was included in the 1985 Edition of the Provisions.
This Seismicity Index, which was simply a grouping of similar values of
Ay» has been replaced in the 1988 Edition by citation of explicit
values of Ay.

The values of the coefficients Ay or A, associated with Map Areas are
as follows:

Map Area Ag_or A,

N W hH U~
o
L]
(/]

Note that A5 and A, are not necessarily the same for a given location
because the location may be in different Map Areas on the two maps.

Building Cost Implications

Determining the effect of the Provisions on the initial cost of build-
ings is enormously complex and it is possible to arrive at many dif-
ferent answers depending upon:

® The role in soclety of the person answering the cost question,

@ Whether or not the building is required to remain functional
after a major earthquake, and

® Whether or not some seismic design requirements already apply
to the building.

For new construction that need not remain functional following an
earthquake, the change in cost as a result of seismic design can vary
enormously from project to project. The major factors influencing the
cost of complying with the Provisions are:

@ The complexity of the shape and structural framing system for
the building. (It is much easier to provide sefismic resis-
tance in a buflding with a simple shape and framing plan.)

® The cost of the structural system (plus other items subject to
special seismic design requirements) in relation to the total
cost of the building. (In many buildings, the cost of pro-
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Sec. 1.4.]1 (Building Cost Implications)

viding the structural system may be only 25 percent of the
total cost of the project.)

@ The stage in design at which the provision of seismic resis-
tance is first considered. (The cost can be inflated greatiy
if no attention is given to seismic resistance until after the
configuration of the building, the structural framing plan,
and the materials of construction have already been chosen.)

The approximate cost impacts resulting from implementation of an
earlier version of the NEHRP Recommended Provisions were determined by
Weber (1985) during a BSSC study of the societal implications of using
improved seismic design provisions. Weber’s study was based on the
results of 52 case studies that compared the costs of constructing the
structural components of a wide variety of buildings designed according
to two distinct criteria: the prevailing local building code and 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 criteria. The case studies included multifamily
residential, office, industrial, and commercial building designs in
nine cities that cover the range of seismic hazard levels found in the
United States (Los Angeles, Seattie, Memphis, Pnoenix, New York,
Chicago, Ft. Worth, Charleston, and St. Louis).

These case studies were developed on the basis of the BSSC trial design
program conducted in 1983-84. This program, which is described in
detail in Appendix C (The BSSC Program on Improved Seismic Safety
Provisions) of this Commentary voiume, 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, during the BSSC balloting of the 1985 Edition,
and again during the updating process resulting in the 1988 Edition.
Thus, 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."

During the trial design program, 17 professional design organizations
from the 9 cities were retained to prepare trial designs of the follow-
ing buflding types:

l. Low-, mid-, and high-rise residential (R) buildings,
2. Mid- and high-rise office (0) buildings,

3. One-story industrial (I) buildings, and

4. Two-story commercial (C) buildings.

Each of the following structural systems was included:
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Sec. 1.4.1 (Building Cost Implications)

1. Lateral load systems
a. Shear walls
(1) Cast-in-place concrete
(2) Precast and prestressed-precast concrete
(3) Masonry
(4) Plywood on wood studs
b. Braced frames--conventional steel
c. Unbraced frames
(1) Cast-in-place concrete both special and ordinary (as
defined in the amended Tentative Provisions)
(2) Steel, both special and ordinary, conventional and
pre-engineered
2. Vertical load systems
a. Bearing wall buiidings
(1) Walls
(a) Cast-in-place concrete
(b) Precast and prestressed-precast concrete
(c) Masonry
(d) Plywood on wood studs
(2) Floors
(a) Concrete slabs, both cast-in-place and precast,
ordinary and prestressed
(b) Steel joists with decks and slabs
(c) Wood framing with plywood decks and |ightweight
concrete fill
b. Framed buildings
(1) Cast-in-place concrete flat slabs, waffle slabs, pan
joists, and beam and slab systems, both ordinary and
prestressed
(2) Precast concrete, both ordinary and prestressed
(3) Steel girder and purlin, beam and joist, and
long-span truss systems with decks and slabs
(4) Wood framing

As noted above, each building was designed twice: once according to
an earlier version of these Provisions and once according to 'the
prevailing local code for the particular location of the design. Basic
structural designs (complete enough to assess the cost of the struc-
tural portion of the bullding), partial structural designs (special
studies to test specific parameters, provisions, or objectives), and
partial nonstructural designs (complete enough to assess the cost of
the nonstructural portion of the building) were prepared and design and
construction cost estimates were developed.

Weber’s cost impact data based on the results of the trial designs are
presented below {n summary form. In presenting these data, Weber dis-
tinguished between two separate cases: (1) the communities that were
not using a seismic code of any kind (e.g., Memphis and St. Louis) and
(2) the communities that were using a seismic code (e.g., Charleston
and Seattle).
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Sec. 1.4.1 (Building Cost Implications)

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
including such things as the planned occupancy of the build-
ing, 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.

@ Those related to the location in which the building is to be
constructed and including such things as the seismic hazard
of the building site and the degree to which that hazard is
reflected in the current local building code.

Table Cl-1 presents an overview of the construction cost impacts by
type of building occupancy. The third column in Table Cl-1 presents
the percentage change in construction costs for the structural com-
ponents 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 residen-
tial designs. This high average for residential buildings is sig-
nificantly influenced by the extremely high estimates (46, 20, 17, and
16 percent) reported for four building designs.

The fourth coiumn of Table Cl-1 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
percentage changes by using data on structural cost as a percentage
share of total building cost for each building occupancy type. .The
percentage shares are based on data from McGraw-Hill‘’s Dodge Construc-
tion System Costs (1984), which reports the structural percentage share
of total buflding cost for a large number of typical buflding designs.
The shares for three of these typical building designs were averaged
for each of the buflding occupancy types to derive the percentage
shares used in Tables Cl-1 and Cl-2 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 designs with exces-
sive costs mentioned above and the relatively high structural per-
centage share used for this type of building (30.0 percent).

Table Cl1-2 presents data similar to that in Table Cl-1 but for each

city grouped according to whether the city currently had a seismic
building code or not. As expected, the average estimated change in the
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Sec. 1.4.1 (Building Cost Implications)

TABLE Cl1-1
Percentage Changes in Structural Cost and Total Building Cost
for the Trial Designs by Building Occupancy Type

Buiflding 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
residential

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

8percentage 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
estimated 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
residential, 30.0%; office, 28.1%; industrial, 33.7%; commercial,
29.5%.

CFive or fewer stories..

dMore than five stories.




Sec. 1.4.1 (Building Cost Implications)

TABLE C1-2
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 Estimated Change in
City Designs Structural Cost (%)@ Total Project Cost(%)P

Cities Without Seismic Provisions

Chicago 10 2.5 0.7

Ft. 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

3percentage 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
estimated structural cost changes by using the fol lowing 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
residential, 30.0%; office, 28.1%; industrial, 33.7%; commercial,
29.5%.
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structural 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 building
cost: 2.1 percent for cities without seismic provisions versus 0.9
percent for those already having some seismic provisions in their local
codes. ;

The estimates made by the trial design firms of the change in struc-
tural design time that was expected to be required once the firms
become familiar with the provisions were divided into the following
categories:

l. Negligible change,
2. Positive but unspecified change,
3. Positive specified change, and

4, Negative specified change (meaning that the newer provisions,
once adopted and familiar to the design firms, would require
fewer design hours than do the current codes).

Twenty-eight of the trial designs fell into the "negligible change"
category. Eleven fell into each of the next two categories, and two
fell into the fourth category.

In summary, Weber’s study of the results of the BSSC trial design
program provides 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 had no seismic
design provisions, the average projected increase in total building
construction costs was estimated to be 2.1 percent. For the 23 trial
designs conducted in the 4 cities (Charleston, Los Angeles, Phoenix,
and Seattle) whose local codes had seismic design provisions, the
average projected increase in total building construction costs was
estimated to be 0.9 percent. The average increase in costs for all 9
cities was estimated to be 1.6 percent. Although analyses of the cost
effect of the 1985 and 1988 Editions of the NEHRP Recommended Provi-
sions have 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 less risk.

The costs cited above obviously are of greatest interest to the owners
of a proposed building. There are, however, other potential cost
implications, each of which reflects the viewpoint of a different
group in society.
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Any change in design requirements can potentially effect the suppliers
of building materials and of proprietary building systems. In the
short run, these 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
regulatory requirements.

Adoption of new design requirements also may result in additional costs
for the agency charged with administration and enforcement of the
requirements. Such agencies are in a position similar to that of an
engineering firm in that efforts for plan review and inspection may
have to increase.

Impiied Risk

The following discussion addresses methods for evaluating implied risk
and presents one estimate of the risk implied by the Provisions. The
word "risk" {s 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 earthguake ground-shaking.

It is not possible by means of a building code to provide a guarantee
that bufldings will not fail in some way that will endanger people as a
result of an earthquake. It may not be desirable for a code to attempt
to ensure the absolute safety of buildings since the resources 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.

One reason a code cannot ensure absolute safety is the present (and
probably future) inability to describe on a firm scientific basis the
strongest earthquake ground-shaking that might possibly occur at any
specified location. As long as this is the case, it is impossible to
design for zero risk and, hence, a decision to design a building for a
specified capacity has associated with it an implicit risk. This risk
may be quite small (e.g., | chance in 10,000 that a building will fail
during an earthquake), but it 1s greater than zero.

None of the methods or estimates presented here are precise; indeed,
they are quite crude and uncertain. They do, however, serve two very
valuable purposes:

o They show the factors and considerations that influence
overall risk and
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® They give a general indication of the level of safety provided
by the Provisions in comparison with other risks faced by
society.

Expressing Losses

In general, losses may be in the form of damage and repair costs, inju-
ries and fatalities, and the indirect adverse effects upon a community,
region, or country. Because the emphasis of the NEHRP Recommended
Provisions is on life safety, this discussion is specifically concerned
with losses directly related to life safety. In many ways it might be
more appropriate to use injuries and fatalities (i.e., "major casual-
ties") as a measure of the risk to life safety. However, since many
find it difficult to talk in terms of predicted major casualties and it
fs difficult to make accurate predictions concerning major casualties,
this discussion will make use of an indirect measure of the risk to
life safety--the risk of building failure 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
fs unknown as is the magnitude of that earthquake. The future losses
sustained in that city may result from several moderate-sized earth-
quakes or from a single large earthquake. Since there is little agree-
ment 3s to the specific nature of the most intense ground-shaking that
might occur, especially Iin 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 bullding 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
probablility that the threshold will be equaled or exceeded during some
earthquake. For example, one might speak of the probability that the
dollar cost of damage and repair will exceed $1 billion dollars during
at least one earthquake during the next 50 years. The threshold might
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alternatively be some number of human casualties or some number of
building 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, analysis procedures, and
construction practices used in connection with the design ground
motion. Thus, the overall risk to a building is determined by both the
seismic hazard and the probable building performance. It is expressed
by the following equation giving the average number of failures, f,
per year for an individual building.

f = p[Fla]l gg da, (C1-2)
where
a = EPA or EPV as appropriate,
P[Fia] = probability of fallure if an intensity of shaking
with EPA = a occurs, and
y = 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 failure
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 the Provisions

The following paragraphs give rough estimates, based on experience and
Judgment, of the probability of failure occurring when a building de-
signed in accordance with the Provisions is subjected to different
levels of ground-shaking. However rough, the estimates should suffice
for general guidance as to the degree of safety Implicit in the Provi-
sions. The estimates are intended to apply to a building of moderate
size and complexity meeting the minimum requirements of the Provisions.

If the design ground motion were to occur, structural collapse--meaning
collapse of part or, In extreme cases, of all of a building--should not
be expected in buildings designed in accordance with the Provisions.
(Failures due to design or construction errors cannot be prevented by
design requirements alone; detalled design reviews and mandatory con-
struction inspection are also necessary.) If a ground motion twice as
strong as the design ground motion were to occur, there might be struc-
tural collapses in about | to 2 percent of the buildings designed in
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accordance with the Provisions. I[f a ground motion is three times as
strong as the design earthquake motion, this percentage might be 5 to
10 percent.

If the design ground motion were to occur, there might be 1ife-threat-
ening damage in | 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 motion were to occur,
the percentage of buildings with 1ife-threatening damage might rise to
about 10 to 50 percent, respectively.

These estimates are presented in graphic form fn Figure C1-16 to {1llus-~
trate the expected performance of buildings designed for different
EPAs. Possible extrapolations of the relations are suggested. The
extrapolation toward low conditional probabilities of faflure is diffi-
cult to estimate; in effect, one is asking what is the probability of
major design and construction errors such that the buflding might
"fafl" during a very small ground motion.

Implicit Risk for a Single Building Versus a Group of Buildings

The information contained in Figures Cl-7 and Cl-16 has been used as
input to Eq. Cl-2 to compute fallure probabilities for four build-
ings: one located on the contour in Figure Cl1-3 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 0.05g9 contours. In
each case, several different assumptions were made as to how the solid
line in Figures Ci-7 and Cl-16 should be extrapolated.

It was found that, because of compensating trends, the probabilities of
failure were roughly the same for each of the bufldings. For bufldings
on the contours for 0.05g and 0.10g, the result is influenced strongly
by the way in which the curves of Figures Cl-7 and Cl-16 are extrapo-
lated 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 Cl1-3 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 slfightly exceeds the design EPA.

It must be emphasized that these estimates are very crude. All of the
potential difficulties discussed in relation to estimating EPA apply
even more strongly here.
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If there are a number of similar buildings at some location such that \'l
all buildings experience approximately the same shaking during any one ‘
earthquake, the probability that at least one of the buildings will
fail is greater than the probability that any one particular building
will fail. Calculations also have been made for this case assuming 100
similar buildings. Results are included in Table Cl-3. This case
represents, in a very crude way, the expected performance in any one
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city of new construction designed and constructed in accordance with
the Provisions.

TABLE C1-3
Probability of Not Having Any Fafllures During a 50-Year Period
(in percent)

Type of Faflure

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

When one considers a serijes of cities, the probabfiity that at least
one failure will occur becomes even greater. To illustrate this,
assume five cities each having 100 buildings designed in accordance
with the Provisions. From Table Cl-3 ft is seen that the probability
of a fallure occurring is no longer insignificant.

These results emphasize that the perception of the level of safety
achieved by the Provisions is different for the owner of a single
building, the public officials of a city, and the public officials of a
state.

Acceptable Risk
q

There are no laws in the United States that state an "acceptable num-
ber" of fatallties per person exposed per year or any other proposed
definition 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 bufldings, the
Long Beach City Council opted for an alternative to which a risk of
107" fatalities per personrexposed per year had. been attached (the

other alternatives implied smaller risks). Obviously there have been
many other cases where legislative, judicial, and executive bodies have
made choices that imply some level of risk. However, all such in-
stances taken together do not constitute a firm set of precedents.




Sec. 1.4.1 (Acceptable Risk)

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 of 200 fatali-
ties per million people exposed per year. Wiggins then 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 smaller) than voluntary risks. Thus, the acceptable risk from
earthquakes might be between | and 0.0l fatalities per million people
exposed per year.

As a second example, Figures Cl-17 and Cl-18 summarize data for the
probability of man-made and natural disasters causing greater than
various numbers of fatalities. Obviously, these data reflect past
practice and not necessarily levels of risk that are desirable. If 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
probability of one or more such events.

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 C1-18. Consider buildings of moderate size housing
several hundred people, such that a structural collapse would--con-
sidering 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 earth-
quake 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 the Provisions are not unduly conserva-
tive.

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 the 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 frequently, 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 since the expected savings in damage during very
infrequent earthquakes are not great enough to justify an average 1
percent increase in building costs.
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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 processes.

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
fnformation 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.

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 the
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
evaluation of existing building code provisions findicated that most
occupancy type classifications do not meet the purpose of this docu-
ment. For example, a large-scale enclosed-mall-type regional shopping
complex is a relatively new architectural form representing a poten-
tially high risk occupancy that existing codes do not specifically
address properly. These classifications are based not only on different
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conslderations than those related to seismic resistance but also, in
some cases, on considerations that are contrary to good seismic perfor-
mance.

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 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. These conditions would involve evaluation
of parameters consisting of, but not limited to:

{. The number, age, 'and condition of the persons normally ex-
pected to be within or without the immediate environs of the
bufilding.

2. The size, hefght, and area of the building.

3. The spacing of the buildings relative 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 buillding.

Accordingly, as development of the Provisions was beginning, occupancy
types were regrouped and expanded to cover a complete range of factors
critical to seismic safety In terms of 1ife loss. The expanded classi-
fication types were derived from the 1973 Uniform Building Code (UBC)
and are presented in Table C8-5, "Tentative Matrix," in the Chapter 8
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 fdentified and given specific recognition. In terms of disaster
preparedness, fire and police statfons, hospitals, and regional com-
munication centers fdentified 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 disaster,
attention was given to the preservation of strategic contents in dis-
tinct buflding types. For example, should storage facilities for
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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 facilities must be designed for the ultimate protection of any
or all contents. What was indicated was that warehouse facilities
should be designed 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 fa-
cilities 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 materials. Table C8-3 thus
has 9 occupancy groups, A through [, 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 consolidation was done in an effort to place
those occupancies initially listed in the "Tentative Matrix" Iinto
groups that shared common component performance criteria. The con-
solidation 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 II--public assembly, open air stands, day care, schools,
colleges, retalil stores, shopping centers, offices, hotels,
apartments, emergency vehicles, power utilities.

Group IlI--restrained occupants, nurseries (nonambulatory).

Group 1V--aircraft hangers, woodworking, factories, repair gar-
ages, 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 occupancy grouping in Table C8-4 represents that set used in the
1985 Edition of the Provisions. It resulted from a logical consolida-
tion 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. The grouping and definition were modified in the 1988
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Edition. It is felt that this grouping can be augmented as local
conditions warrant. Specific consideration was given to Group I11,
essential facilities, to ensure that only those facilities specifically
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 occu-
pants either due to the overall size of the building or the number of
stories; the character of the use, such as public assembly, schocls, or
colleges; or a height that exposes the occupants to greater 1ife 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 | contains all uses other than those excepted generally from the
provisions in Sec. 1.2. Those in Group | have lesser 1life hazard only
insofar as there is the probability of lesser numbers of occupants in
the buildings and the buildings are lower and/or smalier. 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.

In buildings with multiple uses, the building is to be assigned the
classification of the highest group that occupies 15 percent or more of
the total building area. Such assignments also should be considered
when changes are made in the use of a building even though existing
buildings are not within the scope of the Provisions. For example, if
a portion subject to change of use is in a building of Seismic Hazard
Exposure Group 1, the portion represents 15 percent or more of the
total building area and the use s found in Seismic Hazard Group II,
then the entire building should be reclassified to Group [l and the
appropriate Seismic Performance Category applied based on the appropri-
ate value of A, and the Seismic Hazard Exposure Group Il classifica-
tion.

Consideration originally was given to reducing the number of groupings
by combining Groups I and Il and leaving Group lIl 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.

1.4.3 Seismic Performance Categories

This section establishes the five design categories that are the keys
for establishing requirements for any building based on its use (Seis-
mic Hazard Exposure Group) and on the level of expected seismic ground
motion (specifically, the coefficient A,). Once the Seismic Perfor-
mance Category (A, B, C, D, or E) for the building is established, many
other requirements such as detailing, quality assurance, limitations,
specialized requirements, and change of use are related to it.
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The 1985 Edition of the Provisions contained four categories (A, B, C,
and D) with Category B split for some materials. The 1988 Edition
extended this to all materials and redesignated the categories as A, B,
C, D, and E.

1.4.4 Category E Site Limitation

Essential facilities that may be required after an earthquake and that
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 evaluated with an understanding of all the ramifications
of performance, strength, and durability imptied 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 available 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 mater-
ial is expected to be subjected during the service life of the build-
ing. These conditions, where applicable, should include several cycles
of full reversals of loads and deformations in the inelastic range.

1.6 QUALITY ASSURANCE

Earthquake-related building failures 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.
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Sec. 1.6

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 California requirements. Such an excellent
record of performance has influenced the writing of the 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, the Provisions set forth the role each party is expected to
play {n construction quality control. The building designer specifies
the quality assurance requirements, the contractor exercises the
control to achieve the desired quality, and the owner monitors the
construction process through special inspection to protect the public
interest in safety of bufldings. Thus, the Special Inspector is the
owner’s inspector. It is essential that each party recognize his or
her responsibilities, understand the procedures, and be capable of
carrying them out. Because the contractor and the specialty subcon-
tractors 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 or she should engage independent
agencies to conduct these inspections rather than try to qualify his
his or her own employees.

The approach used in preparing the 1978 ATC provisions was to borrow
liberally from the pattern already established by the 1976 UBC, which
detailed structural quality provisions in Chapter 3, Sec. 305, Special
Inspections. These were retained with minimal change in Chapter 3,
Sec. 306, Spectal Inspections, of the 1985 UBC. There have been some
changes in the 1988 Edition of the Provisions as well as in the 1988
UBC.

There are two major differences, however, between the NEHRP Recommended
Provisions and the UBC. Flirst the Provisions cover only those portions
and components of the building that are directly affected by earthquake
motions and whose response.could affect 1ife safety and continued func-
tioning of the building (where designated). Second, the Provisions for
the first time attempt to place minimum quality assurance requirements
on installation of nonstructural components that are designated as
deserving special attention during construction. These are described
as "Designated Seismic Systems" throughout and are defined as being
"the Seismic Resisting Systems and those architectural, electrical, and
mechanical systems and their components that require special perfor-
mance characteristics.” This means that the designer most familiar
with the requirements of each system must spell out in a Quality As-
surance Plan those components that will require special inspection and
tests during construction to assure their ability to perform satisfac-
torily during earthquakes.
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Sec. 1.6/Sec. 1.6.2

These provisions are concerned with those components that affect the
building performance during an earthquake and/or that may be adversely
affected 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 and
working on behalf of the owner. The number of such inspectors actually
employed will vary widely depending on the size, complexity, and func-
tion 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 reason-
able 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 quality assurance whether it be architectural, elec-
trical, mechanical, or structural in nature. The plan may be a very
simple listing of those elements of each system that have been desig-
nated 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 earth-

quakes that the improved quality also acts to protect the professional.

Furthermore, 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 the contrac- ‘
tor understands the requirements of the pian and will exercise control
to obtain conformance. The exact methods of control! are left up to the
individual contractor subject to approval by the Reguliatory Agency.
However, special inspection of the work is required in specific situa-
tions to give the agency reasonable assurance that the approved draw- ‘ ‘
ings and specifications 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
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Sec. 1.6.2/Sec. 1.6.2.9

inspection under the 1988 UBC and it is a premise of these provisions
that there will be available an adequate supply of knowledgeable and
experienced inspectors to draw upon for the structural categories of
work. Special training programs. may have to be developed and imple-
mented for the nonstructural categories.

A Special Inspector (identified as the owner’s inspector) is defined as
a "person approved by the Regulatory Agency as befng qualified to
perform special inspection." As a guide to such agencies, it is
contemplated that the Special Inspector may be one of the following:

l. 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 employed by the same agency.

3. A manufacturer or fabricator of components, equipment, or ma-
chinery who has been approved for manufacturing components
meeting seismic 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 seis-
mic system component shipped to the job site.

1.6.2.8 Architectural Components

It is anticipated that the minimum requirements for architectural
components will be complied with when the Special Inspector is satis-
fied that the method of anchorage or fastening and the number, spacing,
and types of fasteners actually used conform with the plans and speci-
fications for the component installed. 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).

1.6.2.9 Mechanical and Electrical Components

In addition to verification of the fastening and anchorage for mechan-
fcal 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 Inspec-
tor, and Regulatory Agency must be exercised until all learn their
respective roles and a definite inspection routine is established.
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Sec. l.6.3/Sec. 1.6.5
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 was no single nationally accepted standard
encompassing all of the diversity of materials now being used in
masonry construction until the appearance of ACI-ASCE 530-88. 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. |t should be emphasized that both the Special Inspector and
the contractor are required to submit to the Regulatory Agency a final
certification as to the adequacy of the completed work. The contrac-
tor, with his day-to-day knowledge of the installation, is in the best
position to state whether or not all the construction has been com-
pleted in accordance with approved plans and specifications. To be
fully aware, however, the contractor must institute a system of re-
porting within his or her organization that enables him or her to
effectively practice quality control. The inspector can only attest to
the work he or she has personally inspected 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 equip-
ment is manufactured off-site and is delivered to a job in its own
container. The Special Inspector, being at the job site, cannot judge
the adequacy of anchorage or the seismic resistance of the equipment
contained therein and, in most instances, cannot be present during the
off-site manufacturing. It is expected, therefore, that a system of
approvals and labeling must be established by the Regulatory Agency in
much the same way as labeling of fire doors is presently being done.
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Appendix to Chapter 1

APPENDIX TO CHAPTER 1

Alternate Maps and Alternate Method for Establishing Design Ground
Motions

This appendix introduces new maps (Figures 1-5 through 1-8) defining
the seismic ground-shaking hazard and incorporates a few necessary
changes in the expression of certain provisions so that the new maps
might be appropriately used with the NEHRP Recommended Provisions.
This presentation in an appendix is intended to encourage evaluation of
the new maps and new procedures through use. Comment is encouraged.

As explained in the commentary for Sec. 1.4.1, the two maps in the 1985
Edition of the Provisions were developed during the ATC-3 project from
a single map prepared by Algermissen and Perkins of the U.S. Geological
Survey (USGS) in 1976. In 1982, Algermissen and co-workers published a
set of probabilistic maps for both acceleration and velocity using
three different exposure times (thus three different levels of proba-
bility of exceedance of the ground motions). The basic procedure for
generation of these new maps was not greatly different from that used
for the 1976 map. The major difference is that the map for ground
velocity was computed from basic data rather than being extrapolated
from the acceleration map. In preparation for the 1988 Edition of the
Provisions, the Building Seismic Safety Council! committee dealing with
the definition of the ground-shaking hazard decided that the maps
represented a step forward and recommended that a modified version be
fncorporated into the 1988 Edition. The maps and the modifications are
described below.

The ground motion maps of the contiguous United States presented here
are the expected maximum horizontal acceleration and velocity in rock
for periods of interest (exposure times) of 50 and 250 years (average
return period for the expected ground motfons of 474 and 2372 years).
The mapped accelerations and velocities have a 90 percent probability
of not being exceeded in the appropriate exposure times. Rock is taken
here to mean material having a shear wave velocity of between 0.75 and
0.90 km/sec (Algermissen and Perkins, 1976). For a more complete
discussfon of the seismotectonic model, seismicity data and probabilis-
tic model used, see Algermissen et al. (1982).

This model (Algermissen et al., 1982) has been used to recompute, for
the maps presented here, ground motion values that include uncertainty
in ground motion attenuation and fault rupture length. The estimates
of uncertainty for fault rupture length relationship used for the maps
ifs that of Mark (1977). The acceleration attenuation for the western
United States is that of Schnabel and Seed (1977) modified for the
eastern United States by Algermissen and co-workers (1982). The
velocity attenuation used in the preparation of the maps was developed
by Perkins and Harding (1988) using a data set and methods of analysis
similar to that of Schnabel and Seed (1977). McGuire and Shedlock

59




Appendix to Chapter 1

(1981) give a standard deviation for Mark’s (1977) fault rupture
relationship of log (rupture length L) = 0.52 and Schnabel and Seed’s
(1977) attenuation relationship of Ing (attenuation) = 0.62. .

As already noted, the data and probabilistic model used (Algermissen et
al., 1982) is the same as for the present maps. There {s a single
exception, however. Seismic Source Zone 104 of the Algermissen et al.
report (1982) has been used in a different manner in the computation of
the maps presented here. The line source fault model used by Algermis-
sen and co-workers (1982) to concentrate seismicity on the Ramapo fault
within Zone 104 has not been used for the present maps. It now is
believed that this source of seismicity is more difficult than pre-
viously modeled and, consequently, in the model used here, the seis-
micity within Zone 104 is distributed equally throughout the zone and
not concentrated along the Ramapo fault (see p. 17, Figure 3, Algermis-
sen et al., 1982).

The ground motion maps for Alaska also have been recomputed to include
fault rupture length and attenuation variability using the data and
probabilistic model of Thenhaus and co-workers (1982). The same
standard deviations for fault rupture length and attenuation as used
for the contiguous United States was used in the recomputation of the
Alaska ground motion maps.

The ground motion maps for Hawaii and Puerto Rico included in Figures
1-5 and 1-6 are taken directly from Part 2 of the 1985 Edition of the
NEHRP Recommended Provisions. The only modification of these maps is
the conversion of the velocity contours from inches per second to
centimeters per second to conform with units used on the other maps.
The ground motion values shown for Hawail and Puerto Rico do not
represent the results of a particular probabilistic ground motion
calculation but are weighted averages of the ground motion estimates
available at the time of the ATC 3 study (1978). The mapped values,
however, are in general agreement with recent studies of probabilistic
ground motion In these areas. Also, new mapping was not done for the
other island regions shown on the 1985 maps; the Aleutians, Guam,
Tutuila, and the Virgin Islands.

The new maps represent a very significant change from the maps in the
main body of the Provisions in the areas of highest sefsmic activity.
Specifically, the values of acceleration and velocity on the new maps
are much higher for regions close to major faults in California. Some
of this resulits from refinement in the analytical and statistical
models for ground motion, but much of the difference results from the
fact that the maps included in the 1978 ATC-3 report and the 1985
Edition of the Provisions truncated the highest values of acceleration
from that shown on the 1976 Algermissen-Perkins map. (Refer to the
discussion under "Map of EPA™ in Sec. 1.4.1 of the Commentary for an
explanation of the rationale for truncating the higher values.)
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Although values of acceleration greater than 40 percent gravity and l
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values of velocity greater than 40 centimeters per second are not
required by the "Provisions" for use in design, the new maps have
acceleration and velocity contours as high as 80 percent of gravity and
80 centimeters per second, respectively, with {indications of higher
accelerations and velocities within those contours. The earlier maps
have no contour greater than 40 percent of gravity and there is no
indication of higher values within that contour. It should be noted
that within the areas of the 80 percent gravity contour some of the
values computed in developing the new maps are substantially higher
than 80 percent, particularly for the map with a 250-year time exposure
(Figure 1-7). The same is true for velocities on the velocity maps.
The geographical areas within the highest contours are quite small and
microzoning would be required to accurately portray the acceleration
and velocity information.

After considerable discussion, the BSSC committees responsible for
preparing the 1988 Edition of the Provisions decided to retain the
concept of truncating the higher values of acceleration and velocity
for use in structural analysis and design. The limit for peak ac-
celeration is retained at 0.4g (40 percent of gravity). The limit for
velocity is set in a fashion that results in approximately an 8 percent
increase in design values for areas that would be truncated on both
sets of maps. Comment on the concept and the specific values fis
encouraged.

The inclusion of the maps with the longer exposure periods is intended
to allow users to develop some perspective on the issue of performance
expected should a rare event occur. The ratio between ground motions
for the two exposure periods s not constant: generally, in areas
with low to moderate seismicity, the motions for the longer exposure
period are a larger multiple of those for the shorter period than in
areas with the highest seismicity.

Because the new maps expressed ground velocity In units of velocity
rather than as velocity-related acceleration, some conversion is
necessary to use the provisions. A, is used for several purposes in
the Provisions:

1. To provide a design coefficient,

2. To define the level of seismicity, and

3. To define the design spectrum.

The basic relation A, = 0.012v was developed in a study by Wu and
Hanson (1987) for the first purpose.
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Strict application of the basic relation for the second purpose would
have resulted in division points for the old Seismicity Index at
velocities of 4.2, 12.5, and 16.7 cm/sec, which correspond directly to
A, values of 0.05, 0.15, and 0.20. Direct use of these values would
imply a precision not intended by the original use of A,,. Furthermore,
an additional divisfon point was necessary for the new set of Seismic
Performance Categories used in the 1988 Edition. (Prior to 1988 there
were four, not five, categories.) Given the opportunity to plot
contours at reasonable intervals for interpolation and the changes in
requirements for Seismic Performance Categories, it was decided to plot
contours for velocities of 2.5, 5, 7.5, 10, 15, 20, 30, 40, 60, and 80
cm/sec and to make the values of 2.5, 5, 10, and 20 serve as the
division lines for defining the level of seismicity in determining the
Selsmic Performance Categories (Table 1A-2). (Some of the intermediate
contours are omitted where several lines are close and parallel.) The
net effect of the new maps and new points for defining Seismic Perfor-
mance Category is that for many sites application of the "Appendix to
Chapter 1" will result in a different Sefismic Performance Category than
would be obtained from application of "Chapter 1" without the appendix.
Such changes must be evaluated on a case-by-case basis.

With regard to the third purpose, the use of velocity in cm/sec {n
definition of the design spectrum (Eq. 4-2) in lfeu of the velocity-
related acceleration coefficient A, 1s not a direct substitution. The
study by Wu and Hanson pointed out that -one of the premises of the
original development of the equation--that the spectral response
velocity was 2.5 times the effective peak ground velocity~--was quite
conservative. (The 2.5 is explained under "Ground Motion Parameters"
in Sec. 1.4.1 of the Commentary.) Wu and Hanson developed the new
equation

Cs = 0.013vS
RT2/3

based upon a ratio of response velocity to ground velocity of approx-
imately 1.65 instead of 2.5. The 1.65 represents a mean value of the
ratio for average soll profiles. Consideration of relations between
response velocity, response acceleration, ground velocity, and ground
acceleration was given for varfous types of sofl profiles and for
several sites with widely different levels of seismicity by Wu and
Hanson in arriving at the new expression for Cq In the velocity region
of the spectrum. No corresponding change was made in the acceleration
region of the spectrum (periods less than about 0.5 sec). If a similar
rationale (use of the mean value) were applied in the acceleration
region, the difference would not be as dramatic.
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Chapter 2 Commentary

DEFINITIONS AND SYMBOLS

This chapter defines the terms and symbols used in the Provisions.
Added for the 1988 Edition are definitions related to base shear,

concentrically and eccentrically braced frames, the story drift ratio,

story shear, torsion, and symbols A and v for use with the new maps and
procedures presented in the "Appendix to Chapter 1."







Chapter 3 Commentary
STRUCTURAL DESIGN REQUIREMENTS

3.1 DESIGN BASIS

In these provisions, the design of a structure (sizing of findividual
members, connections, and supports) is based on the internal forces
resulting from a linear elastic analysis using the prescribed forces.
It assumes that the structure as a whole under these prescribed forces
should not deform beyond a point of significant yield. The elastic
deformations then are amplified to estimate the real deformations in
response to the design ground motion. (The amplification is in Sec.
4.6.) 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. This procedure differs from that in prior codes and design
provisions wherein the prescribed loads, sizing, and drift l1imits were
at service or working stress levels.

The term "significant yfeld" specifically is not the point where first
yifeld occurs in any member but is defined as that level causing com-
plete plastification of at least the most critical region of the struc-
ture (e.g., formation of the first plastic hinge in the structure). A
structural steel frame of compact members is assumed to reach this
point when a plastic hinge develops in the most critical member of the
structure. A concrete frame reaches this significant yfeld in f{ts
response to the prescribed forces when at least one of the sections of
fts most critical component reaches f{ts strength as set forth In
Chapter 1l. For other structural materials that do not have their
sectional yfelding capacities as easily defined, modifiers to working
stress values are provided in the respective material sections (Chap-
ters 9 and 12).

These provisions contemplate a seismic resisting system with redundant
characteristics wherein overstrength above the level of significant
yleld 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 in Figure C3-1, significant yield is the level where
plastification occurs at the most critical joint shown as Joint 1 and
as Point 1 on the load-deflection diagram. With fincreased loading,
causing the formation of additfonal plastic hinges, the capacity
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sec. 3.1 |

fncreases (following the solid line) until a maximum i1s reached. The
overstrength capacity obtalined 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
load-deflection curve including the P-delta effects. The dash-dot line

is the elasto-plastic curve that results with certain systems and
materials.
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The response modification factor, R, and the Cd value for deflection
amplification (Table 3-2), as well as the criteria for story drift
including the P-delta effects, have been established considering that
structures generally have additional overstrength capacity above that
whereby the design loads cause significant yield. The R factor essen-
tially represents the ratio of the forces that would develop under the
specified ground motion if the structure behaved entirely linearly
elastic to the prescribed design forces. The structure is to be
designed so that the level of significant yield exceeds the prescribed
design force. The ratio R is always larger then 1.0; thus, all struc-
tures are designed for forces smaller than the design ground motion
would produce in a completely linear-elastic responding structure.
This reduction 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. This capacity
is represented by the area under the actual load deformation curve. In
establishing the R value, consideration also has been given to the
performance of the different materials and systems in past earthquakes.

Note that the value of R increases with higher toughness and damping
whereas the design seismic force decreases. R is used in the denom-
inator of the term to calculate the design seismic force coefficient Cg
(Eq. 4-2).

The values of R must be chosen and used with careful 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 situa-
tion can result in considerably more detrimental P-delta effects.

It should be noted that the design seismic coefficient Cg (Eq. 4-2)
does not include a factor that varies for different types of occupan-
cies. This point reflects the belief that increasing the forcing func-
tion alone does not necessarily increase the performance and is dis-
cussed more fully later in this commentary. The improved performance
characteristics desired for more critical occupancies are provided by
the design and detalling requirements set forth in Sec. 3.6 for each
Seismic Performance Category and the more stringent drift limits in
Table 3-5.

Sec. 3.1 in effect calls for the seismic design to be complete and in
accordance with the principtes 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 1s often overiooked
by those inexperienced in earthquake engineering.
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3.2 SITE EFFECTS

The "Chapter 1| Commentary" for Sec. 1.4.1 presents the discussion
applicable to Sec. 3.2.1 and 3.2.2. The "Appendix to Chapter 6" and
its commentary provide background for Sec. 3.2.3, Soiil-Structure

Interaction.

Sec. 1.4.4 presents site limitations for buildings assigned to Seismic
Performance Category E. Critical structures needed after a disaster
and located in zones of higher seismicity should not be iocated 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.

3.3 FRAMING SYSTEMS

\
For purposes of these seismic analyses and design provisions, framing |
systems for buildings are grouped into four general categories of
structural systems as shown in Table 3-2. These categories are similar
to those contained for many years in the provisions of the Uniform
Building Code; 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 con-
sider carefully the interrelationship between continuity, toughness
(including minimizing brittle behavior), and redundancy in the struc-
tural framing system as is subsequently discussed in this commentary.

Selection of R factors requires considerable judgment based on know-
ledge of actual earthquake performance as well as research studies;
yét, they have a major effect on building costs. The factors in Table
3-2 continue to be reviewed in light of recent research results in
order to ensure the most appropriate values are used.

In the selection of the R values for the various systems, consideration
was given €o the general observed performance of each of the system
types during past earthquakes, the general toughness (ability to absorb
energy wlithout 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 de-
tailing the more brittle types of systems (low Cy values).

3.3.1 Classification of Framing Systems
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 sufficient strength to carry the gravity loads for some portion
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of the building (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 the frequent lack of redundancy for the vertical and
horizontal load 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
California (SEAOC) recommendations. In order to qualify for this
system, the gravity loads should be carried primarily by a frame sup-
ported on columns rather than by 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. The light framed walls with shear panels are intended
only for use with wood and steel bufiding frames. Although there is no
requirement to provide lateral resistance in this framing system, it is
strongly recommended that some moment resistance be incorporated at the
joints. 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 connec-
tions. 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 practice. 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 resfistance is provided by moment resisting frames
composed of columns with interacting beams or girders. The moment
resisting frames may be either Ordinary, Intermediate, or Special
Moment Frames as indicated in Table 3-2 and limited by the Seismic
Performance Categories.

Special Moment Frames must meet all of the design and detail require-
ments of Sec. 10.7 or Sec. 11.5 and the sections referred to therein.
The ductility requirements for these frame systems are required in
areas where high seismic hazards are anticipated; see Table i-1.
Intermediate Moment Frames of concrete must meet the requirements of
Sec. 11.4. For buildings in which these special design and detafling
requirements are not used, lower R values are specified, indicating
that ordinary framing systems do not possess as much toughness and that
less reduction from the elastic response can be tolerated. Note that
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Sec. 3.3.4 requires that any moment frames in Categories D or E be
"Special Moment Frames.™

A Dual System consists of a three-dimensional space frame made up of
columns and beams that provides primary support for the gravity loads.
Lateral resistance 1s supplied by structural nonbearing walls or
bracing; the frame is provided with a redundant lateral force system
that is a Moment Frame complying with the requirements of Sec. 10.7 and
Sec. 11.4 or 11.5. The Moment Frame fis required to be capable of
resisting at least 25 percent (judgmentally selected) of the specified
seismic force. Normally the Moment Frame would be a part of the basic
space frame. The walls or bracing acting together with the Moment
Frame must be capable of resisting all of the design seismic force.

The following analyses are required for Dual Systems:

1. The frame and shear walls or braced frames must resist the
prescribed lateral seismic force in accordance with the rela-
tive rigidities considering fully the interaction of the walls

l or braced frames and the moment frames as a single system.
This analysis must be made in accordance with the principles :
of structural mechanics considering the relative rigidities of T
the elements and torsion in the system. Deformations imposed .
upon members of the moment frame by the f{nteraction with the J
shear walls or braced frames must be considered in this
analysis. F

l 2. The Moment Frame must 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 are singled out for special consideration
because of thelr unique characteristics and because they are often
associated with bufldings. Frequently 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. 3.3.2.1 is to prohibit support of one
system by another possessing characteristics that result in a lower
base shear factor. The entire system should be designed for the higher
seismic shear as the provision stipulates. 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 significant portion of the total building and, thus, would
not materially affect the overall response to earthquake motions.
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Sec. 3.3.2.2 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.

3.3.3-3.3.5 SEISMIC PERFORMANCE CATEGORIES A, B, C, D, AND E

General framing system requirements for the five building Seismic
Performance Categories A, B, C, D, and E are given in these sections.
The corresponding 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 Categories A, B, and C
except frames limited to Category A or Categories A and B only by the
requirement of Chapters 11 and 12. Limitations regarding the use of
different structural systems are given for Categories D and E.

Sec. 3.3.4 covers Category D, 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-resis-
ting frames of steel or concrete must 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 feet (48.6 m). In keeping with
the philosophy of present codes for zones of high seismic risk, these
provisions continue limitations on the use of certain types of struc-
tures over 160 feet (48.6 m) in height but with some changes. Although
ft 1s agreed that the lack of reliable data on the behavior of high--
rise bufldings whose structural systems involve shear walls and/or
braced frames makes it convenient at present to establish some limits,
the values of 160 feet (48.6 m) and 240 feet (73.1 m) Introduced in
these provisions are arbitrary. Considerable disagreement exists
regarding the adequacy of these values, and it is iIntended that these
Iimitations be the subject of further study.

These provisions require that bufldings in Category D over 160 feet
(48.6 m) in height have one of the following seismic resisting systems:

l. A moment resisting frame system with Special Moment Frames
capable of resisting the total prescribed seismic force. This
requirement is the same as present SEAOC and UBC recommenda-
tions.

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 {s designed to resist at least 25 percent of the
prescribed seismic force. This requirement is also similar to
present SEAOC and UBC recommendations. The purpose of the 25
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percent frame is to provide a secondary defense system with
higher degrees of redundancy and ductility in order to improve
the ability of the building to support the service loads (or
at least the effect of gravity loads) after strong earthquake
shaking. It should be noted that SEAOC and UBC provisions
prior to 1987 required that shear walls or braced frames be
able to resist the total required seismic lateral forces
independently of the Special Moment Frame. These, provisions
require only that the true interaction behavior of the
frame-shear wall (or braced frame) system be considered (see
Table 3-2). |If the analysis of the interacting behavior is
based only on the seismic lateral force vertical distribution
recommended in the Equivalent Lateral 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 feet (73.1 m) is permitted if, and only if, braced frames
or shear walls in any plane do not resist more than 33 percent
of the seismic design force including torsional effects. The
intent is that each of these shear walls or braced frames be
in a different plane and that the four or more planes required
be spaced adequately throughout the plan or on the perimeter
of the building in such a way that the premature failure of
one of the single walls or frames will not lead to excessive
inelastic torsion.

Although the structural system with lateral resistance concentrated in
the interior core, as Indicated in Figure C3-2, is acceptable according
to the provisions, it is highly recommended that use of such a system
be avoided, particularly for taller buildings. The intent s to
replace it by the system with lateral resistance distributed across the
entire building, as shown in Figure C3-3. The latter system is be-
lieved to be more suitable in view of the lack of reliable data regard-
ing the behavior of tall buildings having structural systems based on
central cores formed by coupling shear walls or slender braced frames.

Sec. 3.3.5 covers Category E, which is restricted to essential facili-
ties in zones of relatively high seismicity. Because of the necessity
for reducing risk (particularly in terms of protecting life safety or
malintaining function by minimizing damage to nonstructural building
elements, contents, equipment, and utilities), the height limitations
for Category E are reduced. Again, the limits--100 feet (30.5 m) and
160 feet (48.6 m)--are arbitrary and require further study. The
developers of these provisions believe that, at present, It is ad-
visable to establish these 1imits, but the importance of having more
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stringent requirements for detailing the seismic resisting system as
well as the nonstructural components of the building must be stressed.
Such requirements are specified in Sec. 3.6 and 3.7 and Chapters 9
through 12.

The response of a building will depend not only on the structural ele-
ments that the designer has calculated but rather on all elements,
structural and nonstructural, calculated or not. In the initial stages
of a large earthquake, the base shear and the distribution of shear
throughout the height of a butlding, for example, will be distributed
to both structural and nonstructural elements strictly in accordance
with their effective rigidities. In essence, rigid elements that 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 rigld nonstructural components
materially changes the distribution of the internal forces of the
structure. For example, if a fairly strong nonstructural partition is
rigidly attached to a moment resisting frame, the 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 desfgner assumed, with higher
overturning stresses, different diaphragm shears, etc. In some earth-
quakes, this uncalculated redistribution of forces has caused struc- .
tural components to fail before the nonstructural partitions failed. ‘
Equation 4-5 (for period) in Sec. 4.2.2 partially accounts for this
stiffening effect since it is based on observations of actual bulld-
ings 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, consequently, in the
design.

In many buildings, the seismic resisting system does not include all of
the components that support the gravity loads. A common example would
be a flat-slab concrete warehouse of several stories in helght in which
the lateral seismic loads are resisted by exterior shear walls or
exterior ductile moment resisting frames. Ordinarily the internal
slabs and columns that resist gravity loads are not designed to resist
lateral selsmic 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. 3.3.4.3 requires that the vertical load-carrying capacity be re-
viewed at the actual deformations resulting from the earthquake. In
the example of the flat-slab warehouse, there will be bending moments
in the columns and slabs 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
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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. I1f 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. If the stresses are above
yield, sufficient ductility under cyclic loading must be provided. If
the gravity load-bearing system is to provide any calculated resistance
to the seismic resisting system (no matter how small), the detailing
for ductility must be consistent with the values given in Table 3-2.
In the example of the flat-slab warehouse, the connections can still
carry the design gravity loadings if they satisfy the requirements of
Sec. 11.5.

3.4 BUILDING CONF IGURATION

The configuration of a building can significantly affect its perfor-
mance during a strong earthquake that produces the ground motion
contemplated in the Provisions. Configuration can be divided into two
aspects, plan configuration and vertical configuration. The Provisions
were basically derived for buildings having regular configurations.
Past earthquakes have repeatedly shown that buildings having irregular
configurations suffer greater damage than buildings having regular
configurations. This situation prevails even with good design and
construction. These provisions are designed to encourage that build-
ings be designed to have reguiar configurations.

The addition of Tables 3-3 and 3-4 in the 1988 Edition provides, in the
Provisions volume itself, definitions of irregularities that previously
were covered only in the Commentary. The definitions are clearer and,
therefore, should be easier to enforce than the vague criteria pre-
sented in the 1985 Edition.

Sec. 3.4.1 indicates, by reference to Table 3-3, when a building must
be designated as having a plan Irregularity for the purposes of the
Provisions.

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 earthquakes can occur even when the static centers of
mass and resfistance cofncide. For example, ground motion waves acting
with a skew with respect to the bullding axis can cause torsion.
Creating or yielding in a nonsymmetrical fashfon also can cause tor-
sion. These effects also can magnify the torsion 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 perpen-
dicular to the direction of the seismic force should be classified as
irregular. The vertical resisting components may be arranged so that
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the static centers of mass and resistance are within the limitations
given above and still be unsymmetrically arranged so that the pre-
scribed torsional forces would be unequally distributed to the various
components.

There is a second type of distribution of vertical resisting components
that, while not being classified as irregular, does not perform well
Iin strong earthquakes. This arrangement is termed a core-type building
with the vertical components of the seismic resisting system concen-
trated near the center of the building. Better performance has been
observed when the vertical components are distributed near the per-
imeter of the buflding. In recognition of the problems leading to
torsional instability, a torsional amplification factor is introduced
in Section 4.4.1.

A building having a regular configuration can be square, rectangular,
or circular. A square or rectangular 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 configura-
tion. The response of the wings of this type of bullding {s generally
different than the response of the building as a whole, and this
produces higher local forces than would be determined by application of
the Provisions without modification. Other plan configurations such as
H-shapes that have a geometrical symmetry also would be classified as
irregular because of the response of the wings.

Significant differences in stiffness between portions of a diaphragm at
a level are classified as irregularities since they 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.

Where there are discontinuities in the lateral force resistance path,
the structure can no longer be considered to be "regular." The most
critical of the discontinuities to be considered is the out-of-plane
offset of vertical elements of the seismic force resisting elements.
Such offsets impose vertical and lateral load effects on horizontal
elements that are, at the least, difficult to provide for adequately.

Where vertical elements of the lateral force resisting system are not
parallel to or symmetric with major orthogonal axes, the static lateral
force procedures of the Provisions cannot be applied as given and,
thus, the structure must be considered to be "irregular."

Sec. 3.4.2 indicates, by reference to Table 3-4, when a structure must
be considered to have a vertical irregularity. Vertical configuration
frregularities affect the responses at the various levels and {nduce
loads at these levels that are significantly different from the dis-
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tribution assumed in the Equivalent Lateral Force Procedure given In ‘
Chapter 4.

A moment resisting frame building might be classified as having a
vertical irregularity if one story were much taller than the adjoining
stories and the resulting decrease in stiffness that would normally
occur was not, or could not be, compensated for. Examples of vertical
irregularities are illustrated in Figure C3-5.
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VERTICAL IRREGULARITIES
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SHEAR WALL

Buflding elevation irregularities.

A building would be classified as irregular if the ratio of mass to
stiffness in adjoining stories differs significantly.
such as a swimming pootl,
Note that the exception in the Provisions provides a comparative stiff-
ness ratio between stories to exempt structures from being designated

when a heavy mass,

as having a vertical irregularity of the types specified.
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One type of vertical irregularity s created by unsymmetrical geometry
with respect to the vertical axis of the building. The building may
have a geometry that is symmetrical about the vertical axis and still
be classified as irregular because of significant horfzontal offsets in
the vertical elements of the lateral force resisting system at one or
more levels. An offset is considered to be significant if the ratio of
the larger dimension to the smaller dimension is more than 130 per-
cent. The building also would be considered irregular if the smaller
dimension were below the larger dimension, thereby creating an inverted
pyramid effect.

The designation of weak story irregularity has been added to those pre-
viously considered. The problem of concentration of energy demand in
the resisting elements in a story as a result of abrupt changes in
strength capacity between stories has been noted in past earthquakes.
Note that an exception has been provided in Sec. 3.7.3 when there is
considerable overstrength of the "weak" story.

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 specified in the Provisions, are listed below in order
of increasing rigor and expected accuracy:

1. Equivalent Lateral 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.

4, Inelastic Response History Analysis involving step-by-step
integration of the coupled equations of motion with one degree
of freedom per floor in the direction being considered.

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

Each procedure becomes more rigorous if effects of soil-structure
interaction are considered, either as presented in the "Appendix to
Chapter 6" or through a more complete analysis of this interaction as
appropriate. Every procedure improves in rigor if combined with use of
results from experimental research (not described in these design
provisions).
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The Equfvalent Lateral Force (ELF) Procedure specified in Chapter 4 is
similar in {ts basic concept to past SEAOC recommendations (1968,
1973, and 1974), but several improved features have been incorporated.

The modal superposition method (Newmark and Rosenblueth, 1971; Clough
and Penzien, 1975; Thomson, 1965; Wiegel, 1970) is a general procedure
for linear analysis of the dynamic response of structures. In various
forms, modal analysis has been widely used in the earthquake-resistant
design of special structures such as very tall buildings, offshore
drilling platforms, dams, and nuclear power plants, but this is the l

l

s

first time that modal analysis has been included in design provisions
for bulildings. The Modal Analysis Procedure specified in Chapter 5 is
simplified from the general case by restricting consideration to la-
teral motion in a plane. Only one degree of freedom is required per
floor for this type of motion.

The ELF Procedure of Chapter 4 and the Modal Analysis Procedure of

Chapter 5 are both based on the approximation that the effects of !
yielding can be adequately accounted for by linear analysis of the J
seismic resisting system for the design spectrum, which is the elastic 1

acceleration response spectrum reduced by the response modification ﬂ

factor, R. The effects of the horizontal component of ground motion !
perpendicular to the direction under consideration in the analysis, the ﬁ
vertical component of ground motion, and torsional motions of the ﬂ
structure are all considered in the same simplified approaches in the !
two procedures. The main difference between the two procedures lies in ﬂ
the distributfon of the seismic lateral forces over the height of the ﬁ
building. In the Modal Analysis Procedure, the distribution {s 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.

I Etther of the two analytical procedures is likely to be inadequate if
the lateral motions In two orthogonal directfons and the torsional
motion are strongly coupled. Such would be the case if the building
were frregular 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 of such buildings would include at least three
degrees of freedom per floor--two translational and one torsional
motion. Such a structure usually would have many modes that show a
combination of transliational and torsional motion. Analysis procedures
similar to those specified In Chapter 5 can be applied to bufldings of
this type, with suitable generalfzation of the concepts involved. It
Is necessary, for example, to account for the facts that a given mode
might be excited by both horizontal components of ground motion and
modes that are primarily torsional can be excited by the translational
components of the ground-shaking.

84

. |




Sec. 3.5

The methods of modal analysis can be generalized further to model the
effect of diaphragm flexibility, 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 above) are
all likely to err systematically on the unsafe side if story strengths
are distributed irregularly over height. This feature is likely to
lead to concentration of ductility demand in a few stories of the
building. A simple procedure to account for irregular strength dis-
tribution is discussed below in the commentary for Sec. 3.7.3.

The actual strength properties of the various components of a building
can be explicitly considered only by a nonlinear 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. I[f 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
the results of a nonlinear response history analysis of such mathemati-
cal building models are only as good as are the models chosen to
represent the building vibrating at amplitudes of motion large enough
to cause significant yielding during strong ground motions. Further-
more, reliable results can be achieved only by calculating the response
to several ground motions--recorded accelerograms and/or simulated mo-
tions--and examining the statistics of response.

It is possible with presently available computer programs to perform
two-dimensional inelastic analyses of reasonably symmetrical struc-
tures. 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
ductility limits. 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. Further, the relfability of the
analytical results are sensitive to:

e The number and appropriateness of the time-historfes of input
motion,

® The practical limitations of mathematical modeling inciuding
interacting effects of nonelastic elements,
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) The nonlinear algorithms, and
e The assumed hysteretic behavior.

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

The least rigorous analytical procedure that may be used in deter-
mining the design earthquake forces and deformations in buildings
depends on the Seismic Performance Category and the structural charac-
teristics (in particular, regularity). Regularity is deffned in Sec.
3.4,

Buildings in Selismic Performance Category A are not required to be
analyzed as a whole for seismic forces. Certain minimum requirements
are gliven elsewhere in the Provisions. For the higher Seismic Perfor-
mance Categories, the ELF Procedure is the minimum level of analysis
except that a more rigorous procedure {s required for Category D or E
buildings classified as irregular. The Modal Analysis Procedure
adequately addresses vertical irregularities of stiffness, mass, or
geometry. Other irregularities must be careful ly considered.

The basis for the ELF Procedure and its limitations were discussed
above. It is adequate for most regular buildings; however, the design-
er may wish to employ a more rigorous procedure (see list of procedures
at beginning of this section for those regular buildings where it may
be inadequate). '

The ELF Procedure is likely to be inadequate in the following cases:

@ Bufldings 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;

|
\
|
e Bulldings (regular or irregular) in which the lateral motions
in two orthogonal directions and the torsional motion are
strongly coupled; and

® Buildings with irregular distribution of story strengths
leading to possible concentration of ductility demand in a few
storfes of the building.

In such cases, a more rigorous procedure that considers the dynamic
behavior of the structure should be employed.

Buildings with certain types of vertical irregularities may be analyzed
as regular buildings in accordance with the provisions of Chapter 4.
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These buildings are generally referred to as setback buildings. The
following procedure may be used:

1. The base and tower portions of a building having a setback
vertical configuration may be analyzed as iIndicated in (2)
below if:

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

b. The stiffness of the top story of the base is at least
five times that of the first story of the tower.

When these conditions are not met, the building must be
analyzed in accordance with Chapter 5.

2. The base and tower portions may be analyzed as separate bulld-
ings In accordance with the following:

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

b. The base portion then must 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
seismic forces 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 that accounts for irregularity in mass and stiffness
distribution over the height of the building. [t would be adequate, in
general, to use the ELF Procedure for buildings 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
stories.

For other bufldings, the following procedure should be used to deter-
mine whether the Modal Analysis Procedures of Chapter 5 should be used:

1. Compute the story shears using the ELF Procedure specified in
Chapter 4.

2. On this basis, approximately dimension the structural members,
and then compute the lateral displacements of the floor.

3. Replace h§ in Eq. 4-6a with these displacements, and recompute
the lateral forces to obtain the new story shears.

4. If at any story the recomputed story shear differs from the
corresponding value -as obtained from the procedures of Chapter
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4 by more than 30 percent, the building should be analyzed
using the procedure of Chapter 5. If the difference s less
than this value, the building may be designed using the story
shear obtained in the application of the present criterion and
the procedures of Chapter 5 are not required.

Application of this procedure 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 buildings, use of this procedure
will determine that modal analysis need not be used and will also
furnish a set of story shears that practically always lie much closer
to the results of modal analysis than the results of the ELF Procedure.

This procedure is equivalent to a single cycle of Newmark’s method for
calculation of the fundamental mode of vibration. It will detect both
unusual shapes of the fundamental mode and excessively high influence
of higher modes. Numerical studies have demonstrated that this pro-
cedure for determining whether modal analysis must be used will, in
general, detect cases that truly should be analyzed dynamically;
however, it generally will not indicate the need for dynamic analysis
when such an analysis 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 re-
quirements are specified in Sec. 3.7. Some of the requirements intro-
duced here are not found in present code provisions. All are spelled
out in considerably more detail and most are more stringent than those
in other provisions. The major reasons for this are presented below.

The provision of detailed design ground motions and requirements for
analysis of the structure do not by themselves make a building earth-
quake resistant. Additional design requirements are necessary to
provide a consistent degree of earthquake resistance in buildings. The
more severe the expected seismic ground motions, the more stringent
these additional design requirements should be. Not all of the neces-
sary design requirements are expressed in codes, and although exper-
ienced seismic design engineers account for them, engineers lacking
experience in the design and construction of earthquake-resistant
structures often overlook them.

Considerable uncertainties exist regarding:

e The actual dynamic characteristics of future earthquake mo-
tions expected at a buiiding site;

e The soil-structure-foundation interaction;
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® The actual response of buildings when subjected to seismic
motions at their foundations; and

@ The mechanical characteristics of the different structural
materials, particularly when they undergo significant cyclic
straining in the inelastic range that 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
dissipation consistent with the maximum tolerable deformations of
nonstructural components and equipment. This energy dissipation ca-
pacity, which 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 strin-
gent design requirements be used for detailing the structural as well
as the nonstructural components and their connections or separations.
Furthermore, it is necessary to have good quality control of materials
and competent inspection. The importance of these factors has been
clearly demonstrated by the building damage observed after both moder-
ate 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 and the more important the building function
or the greater the number of occupants in the building, the more strin-
gent the design and detailing requirements should be. In defining
these requirements, the Provisions introduce the concept of Seismic
Performance Categories (Table 1-2), which relates to the coefficient A,
(Sec. 1.4.1) and the Seismic Hazard Exposure Group (Sec. 1.4.2).

3.6.1 Seismic Porformance Category A

Because of the very low seismicity associated with regions of A, less
than 0.05, it is considered appropriate for Category A buildings to
require only 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.

89




Sec. 3.6.1/Sec. 3.6.3

Category A buildings will be constructed in a large portion of the
United States that is generally subject to strong winds but low earth-~
quake risk. Those promulgating construction regulations for these
areas may wish to consider many of the low-level seismic provisions as
being suitable to reduce the windstorm risk. Since the Provisions
consider only earthquakes, no other reqgquirements are prescribed for
Category A buildings. Only wind design in accordance with the local
code and ties and wall anchorage are required by these provisions.

In low earthquake risk areas, it is unrealistic to believe that con-
struction practices will change overnight. However, if existing re-
quirements can be improved gradually, a8 major reduction in potential
hazard can be achieved at low cost and with little inconvenience.

3.6.2 Seismic Performance Categories B and C

Category B and C buildings will be constructed in the largest portion
of the United States. Earthquake-resistant requirements are {ncreased
appreciably over Category A requirements, but they are still quite
simple compared to present requirements in areas of high seismicity.
For concrete and masonry structures, the increases are taken in two
steps;: for steel and wood, a single step is taken since there are no
differences between Categories B and C for steel and wood.

The material requirements in Chapters 9 through 12 for Category B are
somewhat more restrictive than those for Category A.

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

3.6.3 Sefismic Performance Category D

Category D requirements compare roughly to present design practice in
California seismic areas for buildings other than schools and hospi-
tals. All masonry must be reinforced. All moment resisting frames of
concrete or steel must meet ductility requirements. Interaction
effects between structural and nonstructural elements must be investi-
gated. Foundation interaction requirements are increased.

Experience in past earthquakes has demonstrated that unreinforced
masonry or unreinforced concrete platforms perform poorly and are
hazardous even when used in nonstructural elements. Consequently, all
concrete and masonry construction must be reinforced for Category D
construction.
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3.6.4 Seismic Performance Category E

Category E construction is required for critical structures in rela-
tively high seismic zones. It is deemed prudent that these structures
not be located over the trace of an active fault that could cause
ground rupture (see Sec. 1.4.4). Because of the necessity for reduced
risk, 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
be that which produces the most critical load effect on the building.
In past codes, it was necessary only to independently consider loads on
the main axes of the building. For beams and girders, this gives
maximum design stresses. However, if earthquake forces affect the
buflding in a direction other than the main axes, corner columns can be
subjJected to higher stresses, which may partially explain the wvul-
nerability of such columns in past earthquakes. Sec. 3.7.2 requires
for Category D or E buildings that the effects from seismic loads
applied in one direction be combined with those from the other direc-
tion. This may affect more than just the columns.

The second order effect that is referenced is explained more fully in
Sec. 4.6.

3.7.1 Combination of Load Effects

Various combination-of-load-effects formulas and other data were re-
viewed before arriving at Eq. 3-1, 3-2, and 3-2a. Since 1956, for
example, the American Concrete Institute (ACI) has based design on the
cross-sectional strength of component members and has included load
combinations that are believed to be consistent with the strength
reduction factors (based in part on considerations of statistical
variability of properties) to produce a margin of safety for most
design loading that 1s generally acceptable to the design professions.
No specific study was made for earthquake loading, and the load com—
binations were set to be compatible with previous working stress load
combinations.

A subcommittee of American National Standards Institute (ANSI) Commit-
tee 58.1 also studied the problem to arrive at a compatible combina-
tion of load effects for all building system materials. Its work was
stated in terms of design seismic motions ordinarily used for allowable
stress design, such as by SEAOC and UBC prior to 1987.
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After carefully evaluating the available material and past experience
and exercising reasonable engineering judgment, it was decided that
the Provisions would express the load effect combinations involving
seismic design in a format similar to that used in ACI 318 but with the
values changed as indicated below.

The basic load factor used in AClI 318 to account for variability of
dead load effects is 0.75 « 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 de-
sign. Thus, it is reasonable to use a factor of 1.1 on dead load in
seismic design. However, where the dead load aids in resisting the
seismic load effect, the comparable load factor is 0.9.

In Eq. 3-1 and 3-2, a factor of ¥0.5 A, was placed on the dead load to
account for the effects of vertical acceleration. The 0.5 A, factor on
dead load is not intended to represent the total vertical response.
The concurrent maximum response of vertical accelerations and horizon-
tal 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 brittlie, a more
conservative factor of 0.7-0.5 A, on the dead load was chosen for
Eq. 3-2a.

The live load factor of ACI 318 is 0.75 « 1.7 = 1.3. The factor 0.75
in the AClI equation represents the reduced likelihood of the full live
load being present at the instant of the earthquake. The terms "maxi-
mum 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
lbad is very much smaller than the maximum lifetime l1ive load, which
acts for a short time period and is generally applied to a small
portion of the structure. For the purpose of the 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 ef-
fects. '

For combination with the design earthquake, it is assumed that an
fnstantaneous snow load for combination with earthquake loads {s the
same as that expressed in the 1976 UBC.

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.
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3.7.2 Orthogonal Effects

Earthquake forces act in both principal directions of the building
simultaneously, but the earthquake effects in the two principal direc-
tions are unlikely to reach their maximum simultaneously. This section
provides a reasonable and adequate method for combining them. It re-
quires 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 the x-direction, and effects of seismic forces in the
y-direction (orthogonal 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 essen-
tially one-directional in their behavior, but they may be significant
in columns or other vertical members that 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 provided 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 1ines one and one-half times
the slab thickness efther 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 buflding. Usual
practice s to determine what size, length, or strength of 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 from that in adjacent stories, can produce
responses that vary greatly from those calculated by using the pro-
cedures in Chapter 4 or 5 due to the concentration of inelastic defor-
mations in a weak story. A prohibition on weak story buildings is new
with the 1988 Edition.

The early developers of the 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 ratfo for story n by rp.
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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 Cy for
the building as given by Table 3-2 to R and Cq where:

~ I

Cd 1 + (Cq - 1)/2

and

R = (Cq/CqIR.

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 should be given to this problem.

3.7.4 Nonredundant Systems }

Design consideration should be given to potentially adverse effects
where there is a lack of redundancy. Because of the many unknowns and
uncertainties fn the magnitude and characteristics of 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 abllity of the
building to resist earthquake 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 that retains its Integrity and can
continue to resist lateral forces, albeit with diminished effective-
ness.,

Redundancy often s 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 were
discussed 1n the commentary on Sec. 3.1.)

Redundant characteristics also can 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, ft Is good practice to incorporate redundancy into the
seismic resisting system and not to rely on any system wherein distress
in any member may cause progressive or catastrophic collapse.
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3.7.5 Ties and Continuity

The analysis of a structure and the provisfon of a design ground motion
alone do not make a structure earthquake resistant; additional design
requirements are necessary to provide adequate earthquake resistance in
bufldings. Experienced seismic designers normally fill these require-
ments, but because some were not formally specified, they often were
overlooked by inexperienced engineers.

Probably the most important single attribute of an earthquake-resistant
building is that it is tied together to act as a unit, but this was not
stated as a requirement in former provisions. This attribute not only
is Important in earthquake-resistant design, but also is indispensable
fn 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 bullding (or unit if there are separa-
tion joints) be so tied together that any part of the structure is tied
to the rest to resist a force of Ay/3 (with a minimum of 5 percent g)
times the weight of the smaller. In addition, beams must be tied to
their supports or columns and columns to footings for a minimum of 5
percent of the dead and live load reaction. Furthermore, certain
connections of buildings with plan irregularities must be designed for
higher forces than calculated due to the simplifying assumptions used
in the analysis by Chapters 3, 4, and 5.

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.
Although requirements for the anchorage to prevent this separation are
common in highly seismic areas, they have been minimal or nonexistent
in most other parts of the country. This section requires that anchor-
age be provided in any locality to the extent of 1,000 A, pounds per
linear foot (plf). This requirement alone may not provide complete
earthquake-resistant design, but observations of earthquake damage
indicate that 1t can greatly increase the earthquake resistance of
bufldings and reduce hazards in those localities where earthquakes may
occur but are rarely damaging.

3.7.7 Anchorage of Nonstructural Systems

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

Many buildings have shear walls or other bracing elements that are not
uniformly spaced around the diaphragms. Such conditions require that
collector or drag members be provided. A simple illustration is shown
in Figure C3-6a. 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
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FIGURE C3-6
Collector element used to (a) transfer shears and
(b) to transfer drag forces from diaphragm to shear wall.
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distributed between A and B if the chord reinforcing is assumed 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 C3-6b 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.

3.7.9 Diaphragms

Diaphragms are deep beams or trusses that distribute the lateral loads
from their origin to the components where they are resisted. As such,
they are subject to shears, bending moments, direct stresses (truss
member, collector elements), and deformations. The deformations must
be minimized in some cases because they could overstress 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 commonly overlooked by many engineers is the requirement 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.
During the San Fernando earthquake, seismic forces from the walls
caused separations in roof diaphragms 20 or more feet from the edge in
several industrial buildings.

When openings occur in shear walls, diaphragms, etc., it Is not ade-
quate to only provide temperature trimbars. The chord stresses must be
provided for and the chords anchored to develop the chord stresses by
embedment. The embedment must be sufficient to take the reactions
without overstressing the material in any respect. Since the design
basis depends on an elastic analysis, the internal force system should
be compatible with both statics and the elastic deformations.

3.7.10 Bearing HWalls

A minimum anchorage of bearing walls to diaphragms or other resisting
elements {s speciffed. 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
sufficient ductility or rotational capacity, or strength, to stay as a
unit. Large shrinkage or settlement cracks can significantly affect
the desired interaction.
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3.7.11 Inverted Pendulum-Type Structures

Inverted pendulum-type structures have a large portion of their mass
concentrated near the top and, thus, have essentially one degree of
freedom in horizontal translation. Often the structures are T-shaped
with a single column supporting a beam or slab at the top. For such a
structure, the lateral motion is accompanied by rotation of the hori-
zontal element of the T due to rotation at the top of the column,
resulting in vertical accelerations acting in opposite ditections on
the overhangs of the structure. Dynamic response amplifies this rota-
tion; hence, a bending moment would be induced at the top of the column
even though the procedures of Sec. 4.2 and 4.5 would not so indicate.
A simple provision to compensate for this is specified in this sec-
tion. The bending moments due to the lateral force are first calcu-
lated 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 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
Categories D and E

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
accelerations only when the effects are significant when compared with "
those from horizontal accelerations. Requirements for providing pro- ]
tection against the possible effects of the vertical component of
I earthquake motions are given. In the case of standard structures,

these effects are taken into account by the variation of 0.5 A, which
is placed on the dead 1oad (see Sec.3.7.1). A reduction in the gravity
forces due to the response to the vertical component of ground motions
can be considerably more detrimental in the case of prestressed hor-
izontal components for similar but regularly reinforced concrete
components. Thus, it is recommended that Eq. 3-2 be replaced by Eq.

l 3-2a. To account for the effects of vertical vibration 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
vertical accelerations that would develop in a building are very close
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to those corresponding to. a structure that is perfectly rigid in the
vertical direction. This is a reasonable basis provided the horizontal
structural members can develop moderate ductility factors. Design
requirements presented elsewhere in the Provisions usually will ensure
such ductility capacity for downward inertia forces. To achieve it for
upward 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 or
by many prestressed concrete members.

3.8 DEFLECTION AND DRIFT LINMITS

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

® "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).

e The lateral displacement or deflection due to design forces is
the absolute displacement of any point in the structure rela-
tive 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 false impression of the effects in critical
stories. However, it is important when considering seismic
separation requirements.

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

Stability considerations 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 nor-
mally within tolerable limits. However, larger deformations with heavy
vertical loads can lead to significant secondary moments from the
P-delita effects in the design. The drift limits indirectly provide
upper bounds for these effects.

Buildings subjected to earthquakes need drift control to restrict
damage to partitions, shaft and stalr enclosures, glass, and other
fragile nonstructural elements and, more {importantly, to minimfze
differential movement demands on the seismic safety elements. Since
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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 consi-
derations such as present worth of future repairs versus additional
structural costs to limit drift. These are matters for building owners
and designers to examine. To the extent that life might be excessively
threatened, general nonstructural damage to nonstructural and seismic
safety elements is a drift limit consideration.

The design story drift limits of Table 3-5 reflect consensus judgment
taking into account the goals of drift control outlined above. In
terms of life safety and damage control objectives, the drift limits
should yfeld a substantial, though not absolute, measure of safety for
well detailed and constructed brittle elements and provide 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
essential facilities of Seismic Hazard Exposure Group I[ll is more
stringent than the limit for Groups 1 and II.

The drift limits for low-rise structures are relaxed somewhat provided
the finishes are not brittle. The type of steel building envisioned by
the exception to the table would be similar to a prefabricated steel
structure with metal skin. When the more liberal drift limits are
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 3-5 are
story drifts and, therefore, are applicable to each story (i.e., they
must not be exceeded in any story even though the drift in other
stories may be well below the limit.) The limit, A5 is to be compared
to the design story drift as determined by Sec. 4.6.1.

Stress or strength 1imitations imposed by design level forces occasion-
ally may provide adequate drift control. However, it is expected that
the destign of moment resisting frames, especially steel building
frames, and the design of tall, narrow shear wall 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 will 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 Tg, the Chapter 4 ELF Procedure
may be too conservative for drift design of very tall moment-frame
buildings. It is suggested for these bufldings, where the first mode
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would be responding in the displacement region of a response spectra
(where displacements would be essentially independent of stiffness),
that the Modal Analysis Procedure of Chapter 5 be used for design even
when not required by Sec. 3.5.

Building separations and seismic Joints are separations between two
adjoining buildings or parts of the same building, with or without
frangible closures, for the purpose of permitting the adjoining build-
ings 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. For
irregular structures that cannot be expected to act reliably as a unit,
seismic joints should be utilized to separate the bullding into units
whose independent response to earthquake ground motion can be pre-
dicted.

Although the Provisions do not give precise formulations for the separ-
ations, it is required that the distance be "sufficient to avoid damag-
ing contact under total deflection" in order to avoid interference and
possible 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
Iincreasing 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 discusses the Equivalent Lateral Force (ELF) Procedure for
seismic analysis of buildings.

4.2 SEISMIC BASE SHEAR

The heart of the 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, Cg,» and the total gravity load of the building, W.
Equations 4-2 and 4-3 give the coefficient Cq, which defines the design
spectrum. This spectrum is discussed more fully in Sec. 1.4.1 of the
"Chapter I Commentary." ‘

The gravity load W is the total weight of the building and that part of
the service load that might reasonably be expected to be attached to
the building at the time of an earthquake. It includes partitions,
permanent or movable, plus permanent equipment such as mechanical and
electrical equipment, piping, and cellings. The normal human live load
fs taken to be negligibly small in its contribution to the seismic
lateral forces. Bulldings designed for storage or warehouse usage
should 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 earthquake; however, 1ce loading would be more or less
firmly attached to the roof of the building and would contribute signi-
ficantly to the inertia 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 reatly a question of
how much ice buildup or snow entrapment can be expected for the roof
configuration or site topography, 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 werﬁ arrived at as explained below.
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Elastic Acceleration Response Spectra

See Sec. 1.4.1 of the "Chapter | Commentary" for a full discussion of
the shape of the spectra accounting for dynamic response amplification
and the effect of site response, or the Soil Profile factor.

Elastic Design Spectra

As described in Sec. 1.4.1, the elastic acceleration 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 i/T.
However, because of a number of reasons associated with the structural
behavior of long-period buildings, it was decided that ordinates of
design spectra should not decrease as rapidly with T; hence, the period
T appears to the two-third power in the denominator of Eq. 4-2. Among
the reasons for designing long-period buildings more conservatively
are the following:

e The fundamental period of a building Increases with number of
stories. The longer the T, the larger the likely number of
stories and the number of degrees of freedom and, hence, the
more likely that high ductility requirements can be concen-
trated in a few stories of the buflding, at least for some
earthquakes.

@ The number of potential failure modes increases generally
with T. If design spectra were proportional to response
spectra for single-degree-of-freedom systems, the probability
of failure would increase with T.

@ Buflding fnstability 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 mechanics
cannot be employed to calculate the vibration period before a building
design, at least a preliminary one, is available. Simple formulas that
fnvolve only a general description of the building type (e.g., steel
moment frame, concrete moment frame, shear wall system, braced frame),
and overall dimensions (e.g. height and plan length) are therefore
necessary to estimate the vibration period in order to calculate an
infttal base shear and proceed with a preiiminary design. For pre-
liminary member sizing, it is advisable that this base shear and the
corresponding value of T be conservative. Even for final design, use
of a8 large value for T is unconservative. Thus, the vatlue of T used in
design should be smaller than the true period of the buflding. Equa-
tions 4-4 and 4-5 for the approximate period Ty are therefore intended

104




Sec. 4.2

to provide conservative estimates of the fundamental period of vibra-
tion. An upper bound is placed on T based on Ty and the factor Cg.

The coefficient C, accommodates the probable fact that buildings in
areas with lower lateral force requirements probably will be more
flexible. Furthermore, it results in less dramatic changes from
present practice in lower risk areas. It (s generally accepted that
the empirical equations for Ty, are tailored to fit the type of con-
struction common in areas with high lateral force requirements.

[t is unlikely that buildings in lower risk seismic areas would be de-
signed to produce as high a drift level as allowed in the provisions
due to stability problems (P-delta) and wind requirements. For build-
ings that are actually "controlled" 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.

Taking the seismic base shear coefficient to vary as l/Tzla and as-
suming that the lateral forces are distributed linearly over the height
and the deflections are controlled by drift limitations, 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 re-
sisting frame structures varies roughly as hns" where hp 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 Ty generally lower than the true
fundamental vibration period of moment frame buildings. This is appar-
ent in Figures C4-1 and C4-2, wherein Eq. 4-4 is compared with funda-
mental vibration periods computed from accelerograph records from
upper stories of several buildings durfing the 1971 San Fernando earth-
quake. The optional use of T = 0.IN, an approximation long in use, was
restored in the 1988 Edition for low to moderate height frames.

Equation 4-5 is {dentical to the formula used for many years in SEAOC
recommendations. It is apparent from Figure C4-3 that this would
generally underestimate the fundamental vibration period of
reinforced-concrete shear-wall bulldings. Equatfon 4-5 is to be used
for all buildings other than those included in Figures C4-1 and 4-2
because there is insufficient data on measured periods of such buiflding
types and materfals to permit development 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 provisions allow the calcu-~
lated fundamental period of vibration, T, of the seismic resisting
system to be used in calculating the base shear. However, the period,
T, used may not exceed CaTy with Tg determined from Eq. 4-4 or 4-5 as
appropriate.
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Periods computed from accgllgl‘owwh records during the 1971 San Fernando earthquake--steel
frames. Eq 4-4 (O,yas hn' ) is intended to be a conservative estimate. The mean value
estimate is 0.049 hy'".

The identification numbers, names, and addresses of the buildings considered are as fol-
lows: (1) KB Valley Center, 15910 Ventura; (2) Jet Propulsion Lab Administration Building
No. 180; (3) 6464 Sunset Boulevard; (4) 1900 Avenue of the Stars, Century 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) Department of Water and Power, 111 North Hope Street; (10) Union Bank
Building, 445 South Figueroa; (11) Kajima International, 250 East First Street; (i2) Bunker
H11} Tower, 800 West First Street; (13) 3407 West Sixth Street; (14) Occidental Building,
1150 South Hil11 Street; (!5) Crocker Clitizens Bank Building, 611 West Sixth Street; (16)
Sears Headquarters, 900 South Fremont, Alhambra; (17) 5260 Century Boulevard.
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Periods computed from mlmq:h chrlng the 1971 San Fernando earthquake--
reinforced concrete frames. Eb4%mh)lslmmtobeamseﬂutiveesti-te
The mesan value estimate is 0.035 for to the 1988 Edition, 0.025 hy/“ was the
estimate used as the conservative estimste.

The identification numbers, names, and addresses of the buildings considered are as fol-
lows: (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-Universal, 3838 Lankership Boulevard; (6) Muir Medical Center, 7080
Hollywood Boulevard; (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 Fremont; (12) Mohn Olympic, 1625
Olympic Boulevard:; (13) 120 Robertson; (14) Holiday inn, 1640 Marengo. Incomplete study
data have suggested that Bulldings 1, 3, 4, 7, 8, 9, 10, 11, 13, and 14, may not act as
true frames; these building numbers are marked with an asterisk (®).
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FIGURE C4-3
Periods computed from accelerograph records during the 1971 San Fernando earthquake--
reinforced concrete shear wall buildings. Eq 4-5 (0.05 hp/JL) is intended to be a conser-
vative estimate. The msan value estimate is 0.07 hp/JL.

The identification numbers, names, and addresses of the bulldings considered are as fol-
lows: (1) Certified Life, 14724 Ventura Boulevard; (2) Kaiser Foundation 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 Club Parking Structure,
646 South Olive; (7) Parking Structure, 808 South Olive; (8) USC Medical Center, 2011
Zonal; (9) Alrport Marina Hotel, B639 Lincoln, Marina Del Ray.
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For exceptionally stiff or light bufldings, the calculated T for the
seismic resisting system may be significantly shorter than Ty calcu-
lated 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, Cg.

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, 19713 Thomson, 1965;: Wie-
gel, 1970). Computer programs are available for such calculations.
One method of calculating the period, probably as convenient as any, is
the use of the following formula based on Rayleigh’s method (Clough and
Penzien, 1975; Newmark and Rosenblueth, 1971; Thomson, 1965; Wiegel,
1970): ‘

—h

T = 2% [ (C4-1)
n
9t Fis
i=1

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

The calculated period increases with an increase in flexibility of the
structure because the 8 term in the Rayleigh formula appears to the
second power in the numerator but to only the first power in the denom-
inator. Thus, {f one Ignores the contribution of nonstructural ele-
ments to the stiffness of the structure in calculating the deflections
8, the deflections are exaggerated and the calculated period is length-
ened, leading to a decrease in the coefficient Cg and, therefore, a
decrease in the design force. Nonstructural elements do not know that
they are nonstructural. They participate in the behavior of the
structure even though the designer may not rely on them for contribu-
ting any strength or stiffness to the structure. To ignore them in
calculating the period is to err on the unconservative side. The
limitation of CgT5 is imposed as a safeguard.

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 yfeld and approach the ultimate load displacement of the
structural system. Thus, for a lightly damped building structure of
brittle materfal that would be unable to tolerate any appreciable
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deformation beyond the elastic range, the factor R would be close to |
(i.e., no reduction from the linear elastic response would be allow-
ed). 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, Jjustify :
the assignment of a larger response reduction factor R. Table 3-2 in
the Provisions stipulates R coefficients for different types of build- I
ing systems using several different structural materials. The coeffi- |
cient R ranges in value from a minimum of 1-1/4 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 3-2
was explained in the "Chapter 3 Commentary." [

In establishing Egq. 4-1 for determining 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 discussed. After lengthy con-
sideration it was decided that arbitrarily increasing the seismic base
shear is generally ineffective in improving building safety. Good
connections and construction details, quality assurance procedures, and
limitations on building deformation or drift will significantly improve {
the capability for maintenance of function and safety in critical ‘
facilities and those with a high-density occupancy. Accordingly, after
comparing the design effects resulting from the preliminary version of
the Provisions (ATC 3-06) with previous design codes, it was decided
that the specified force levels provide an adequate force function for L
design of all buildings. However, to improve the capability for
meeting the more restrictive requirements for higher Seismic Hazard
Exposure Group buildings, building design categories were specified
and appropriate special detailing requirements added. The reduction in
the damage potential of critical facilities (Group IIl) was handled by
using more conservative drift controls (Sec. 3.8) and by providing spe-
cial design and detaliling requirements (Sec. 3.6) and materials limita-
tions (Chapters 9 through 12).

4.3 VERTICAL DISTRIBUTION OF SEISMIC FORCES

|
l
The distribution of lateral forces over the height of a building is 1
generally quite complex because these forces are the result of super-
position of a number of natural modes of vibration. The relative
contributions of these vibration modes to the total forces depends on a
number of factors Including the shape of the earthquake response
spectrum, the natural periods of vibration of the building, and the {
shapes of vibration modes that, in turn, depend on the mass and stiff- ‘
ness over the height (see Sec. 3.4). The basis of this method is
discussed below. In buildings having only minor irregularity of mass l
or stiffness over the height, the accuracy of the lateral force dis- }
tribution as given by Eq. 4-6a is much improved by the procedure |
described in the last portion of Sec. 3.5 of the Chapter 3 Commentary.
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The lateral force at each level, x, (Figure C4-4) due to response in
the first (fundamental) natural mode of vibration is:

Wby ]

fx1 = Vi (C4-2)

n
T wibg
i=1

where V; is the contribution of this mode to the base shear, wy is the
weight lumped at the ith level, and ¢; is the amplitude of the first
mode at the ith level. This is the same as Eq. 5-4 and 5-4a in Chapter
5 of the Provisions, but it is specialized for the first mode. If V,
is replaced by the total base shear, V, these equations become identf-
cal to Eq. 4-6 and 4-6a with k = 1 {f the first mode shape is a
straight line and with k = 2 {f the first mode shape 1s a parabola with
its vertex at the base.

Force Fp 2= Level n
Story n
Force Fro) — Level n-1
A
']L
Force Fx+l—9fﬁ Level x+1
Story x+1
Force Fy —> Level x
Story x
Force Fy_|—>  Level x-I
i
f =
Force | = mm Level 1
Story 1
Base

AL 777777000000 0000 0000 7000000000 7777777777

FIGURE C4-4
Description of story and level. The shear at Story x (V) is
the sum of all the lateral forces at and above Story x (Fy through Fp).
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It {s well known that the influence of modes of vibration higher than
the fundamental mode is small in the earthquake response of short-per-
iod bulldings and that, in regular builidings, the fundamental vibration
mode departs 1ittle from a straight line. This, along with the matters
discussed above, provides the basis for Eq. 4-6a with k = | for bufld-
fngs having a fundamental vibration period of 0.5 seconds or less.

It has been demonstrated that although the earthquake response of long-
perfod buildings is primarily due to the fundamental natural mode of
vibration, the influence of higher modes of vibration can be signifi-
cant and, in regular buildings, the fundamental vibration mode lies
approximately between a straight line and a parabola with the vertex at
the base. Thus, Eq. 4-6a with k = 2 is appropriate for buildings
having a fundamental perfod of vibration of 2.5 seconds or longer.
Linear varfation of k between 1| at a 0.5 second period and 2 at a 2.5
seconds perfod provides the simplest possible transition between the
two extreme values.

4.4 HORIZONTAL SHEAR DISTRIBUTION

The story shear in any story is the sum of the lateral forces acting at
all levels above that story. Story x is the story immediately below
Level x. (See Figure C4-4.) Reasonable and consistent assumptions
regarding the stiffness of concrete and masonry elements may be used
for analysis in distributing the shear force to such elements connected
by a horizontal diaphragm. Similarly, the stiffness of mcment or
braced frames will establish the distribution of the story shear to the
vertical resisting elements in that story.

4.4.1 Torsion

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

e Mi, the moment due to eccentricity between centers of mass and
resistance for that story, is to be computed as the story
shear times the eccentricity perpendicular to the direction of
applied earthquake forces.

® Mg, commonly referred to as "accidental torsion," is to be
computed as the story shear times the "accidental eccentri-
city," equal to 5 percent of the dimension of the building, in
the story under consideration perpendicular to the direction
of the applied earthquake forces.

Computation of Myg in this manner is equivalent to the procedure in
Sec. 4.4 which implies that the dimension of the buflding i1s the
dimension in the story where the torsional moment is being computed
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and that all the masses above that story should be assumed to be dis-
placed in the same direction at one time (e.g., first, all of them to
the left and, then, to the right).

Dynamic analyses assuming 1inear behavior indicate that the torsional
moment due to eccentricity between centers of mass and resistance may
significantly exceed My (Newmark and Rosenblueth, 1971). However, such
dynamic magnification is not included in the Provisions, partly because
its significance is not well understood for buildings designed to
deform well beyond the range of 1inear 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, torsional 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 recoomended that the torsional moment in any story be not smaller
than the following two values (Newmark and Rosenblueth, 1971):

@ 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 storfes above.

Acclidental torsfon is intended to cover the effects of several factors
that have not been explicitly consfidered in the Provisions. These
factors fnclude the rotational component of ground motion about a
vertical axis; unforeseeable differences between computed and actual
values of stiffness, yleld strengths, and dead-load masses; and unfore-
seeable unfavorable distributions of dead- and 1ive-load masses.

There are indications that the 5 percent accidental eccentricity may be
too small in some bufldings since they may develop torsional dynamic
instability. Some examples are the upper stories of tall buildings
having little or no nominal eccentricity, those structures where the
calculations of relative stiffnesses of various elements are particu-
larly uncertain (e.g., those that depend largely on masonry walls for
lateral force reststance or those that depend on vertical elements made
of different materials), and nominally symmetrical structures that
utilize core elements alone for seismic resistance or that behave
essentially like elastic nonlinear systems (e.g., some prestressed con-
crete frames). The amplification factor for torsionally irregular
buildings (Eq. 4-8) was introduced in the 1988 Edition as an attempt to
account for some of these problems in a controlled and rational way.
Raising the ratio of the power of two was done in recognition of the
magnification effects on torsion that occur with changes in stiffness
of resisting elements.
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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 reilative to vertical
elements of the system.

Where the diaphragm stiffness ifn its own plane is sufficiently high
relative to the stiffness of the vertical components of the 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 {is to 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
of resistance. This contribution of any component is the product of
fts 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 |inear behavior.

Where the diaphragm in its own plane is very flexible relative to the
vertical components, each vertical component acts almost independently
of the rest. The story shear should be distributed to the vertical
components considering these to be rigid supports. Analysis of the
diaphragm acting as a continuous horizontal beam or truss on rigid sup-
ports leads to the distribution of shears. Because the properties of
the beam or truss may not be accurately computed, the shears in ver-
tical elements should not be taken to be less than those based on
"tributary areas." Accidental torsion may be accounted for by adjust-
ing the position of the horizontal force with respect to the supporting
vertical elements.

There are some common situations where it is obvious that the diaphragm
can be assumed to be elther rigid or very flexible in its own plane for
purposes of distributing story shear and considering torsional mo-
ments. 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 rigid. A large plywood diaphragm
with widely spaced and long, low masonry walls may be regarded as very i}
flexible. In intermediate situations, the design forces should be
based on an analysis that explicitly considers diaphragm deformations i
and satisfies equilibrium and compatibility requirements. Alternative- ‘
ly, the design forces should be the envelope of the two sets of forces
resulting from both extreme assumptions regarding the diaphragms--rigid
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.
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4.5 OVERTURNING

This section requires that the building be designed to resist over-
turning moments statically consistent with the design story shears,
except for reduction factor ¢ in Eq. 4-9. There are several reasons
for reducing the statically computed overturning moments:

@ The distribution of design story shears over height computed
from the lateral forces of Sec. 4.2 is intended to provide an
envelope since the shears in all stories do not attain their
maximum simultaneously. Thus, the overturning moments com-
puted statically from the envelope of story shears will be
overest imated.

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

e Under the action of overturning moments, one edge of the foun-
dation may 1ift from the ground for short durations of time.
Such behavior leads to substantial reduction in the seismic
forces and, consequently, in 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 simi{-
lar to those obtained from results of dynamic analysis taking into
account for the first two reasons presented 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 overturning moments in the stories near the top
of bufldings because design of vertical elements in these stories fis
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 calcu-
lated at the foundation-soil interface using Eq. 4-9 with « = 0.75 for
all building heights. This {s 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 buflding codes and design recommendations, Incliuding the
1968 SEAOC recommendations, allowed more drastic reduction in over-
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turning moments relative to their value statically consistent with the
desfign 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 cannot be Jjustified in light
of the reasons mentioned above.

4.6 DRIFT DETERMINATION AND P-DELTA EFFECTS

This section defines the design story drift as the difference of the
deflections, &y, at the top and bottom of the story under considera-
tion. The deflections, 4y, are determined by multiplying the deflec-
tions, &ye (determined from an elastic analysis), by the deflection
amplification factor, Cq, given in Table 3-2. The elastic analysis s
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 in-
elastic strain levels.

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

For determining compliance with the story drift limitation of Sec. 3.8,
the deflections, 44, may be calculated as indicated above for the
seismic resisting system and design forces corresponding to the fun-
damental perfod of the building, T (calculated without the limit T ¢
CaTq 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 P-delta effects on member forces, overturning
moments, etc. If the P-delta effects determined in Sec. 4.6.2 are
significant, the design story drift must be increased by the resulting
fncremental factor.
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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 coefficfent, 8, in E€Eq. 4-11. If
the stability coefficient 6 is less than 0.10 for every story, the
P-delta effects on story shears and moments and member forces may be
ignored. I[f, however, the stability coefficient 8 exceeds 0.10 for any
story, 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, based upon elastic stability theory, is
as follows:

1. Compute for each story the P-delta amplification factor, agq =
8/(1-8). ay takes into account the multiplier effect due to

the initial 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 + 8 + 6% + @3 ..., which is
1/(1-8) or (1 + ay).

2. Multiply the story shear, Vy, In each story by the factor (1 +
agq) for that story and recompute the story shears, overturning
moments, and other selsmic force effects corresponding to
these augmented story shears.

This procedure effectively checks the static stability of a structure
based upon its inftial elastic stiffness. Some have argued that a
better estimate of the stability would be found using the secant
stiffness, which can be implemented by deleting the term Cy from the
denominator of Eq. 4-11. Both approaches are rooted in static stabil-
fty considerations. The real problem of dynamic stability is complex.
The procedure in the Provisions may not be conservative, and it is
recommended that designs producing a value of 6 exceeding 0.25 be
examined very carefully, particularly {f the structure resembles an
inverted pendulum.

Any of a number of ratfonal analyses could be used. Some published
computer programs take P-delta effects fnto account.
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